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14 Chapter 1. Introduction 


The subject of natural science is eternally moving, eternally chang- 
ing matter. Natural science studios the mutual transformations, 
changes and development of concrete kinds of matter, brings to 
light the laws of natural phenomena and the relations between them. 
Study and knowledge of these laws enable man to control the phenom- 
ona of naturo and to change it according to his needs. 

‘Tho different forms of motion of matter are dealt with by various 
branches of scionce: physics, chemistry, biology and others. The 
general laws of development of nature are the subject of matorialis- 
tic dialectics, 

2. Substances and Their Changes, Subject and Method of Chem istry. 
In chemistry each kind of matter Possessing constant physical prop 
erties under specific conditions, such as water, iron, sulphur, lime, 
OXygen, etc., Is called a substance. 

The substances encountered in nature are infinitely diverse. 
Compare, for instance, sand, water, chalk, sulphur; it will readily 
bo seen that these are all absolutely different substances, bearing 
oven no outward resemblance to one another. 

Each substance is distinguished by its properties, Sulphur, for 
example, possesses a light yellow colour and a crystalline structure; 
it is brittle and insoluble in wator; its specific gravity is 2.07. When 
heated, sulphur melts at 112,8°C, otc. All these characteristic fon- 
tures of sulphur are its physical properties. 

Tho magnitudes characterizing the physical properties of a sub- 
stanco—its specific gravity, me ting point, solubility, etc.— which 
have constant values under definite conditions, are called physical 
constants. 

To establish the properties of a substance, we must obtain it in 
As pure a state as possible, since oven insignificant impurities may 
change the numerical values of its constants. Only pure substances 
Possess definite, invariable properties. 

Substances are found pure in nature very rarely. In most casos 
natural substances are mixtures consisting sometimes of a very large 
number of different substances, For instance, natural water always 
contains a small amount of mineral salts. When any one substance 
predominates In a mixture, the whole mixture is called by its name, 
the other constituents and their content in the mixture sometimes 
boing indicated as impurities. If these are present in such small 
quantities that they cannot affect the investigation or use of the 
substance, the latter is called “chemically pure." 

Absolutely pure substances are not known. Conventionally we speak 
of “chemically pure” hydrochloric acid or of “chemically pure" 
nitric acid, meaning a solution which contains nothing but the acid 
and water. In contradistinction to “chemically pure” acids, "technical" 
acids contain various impurities besides water. 


7. Substances and Their Changes 1b 


A pure substance is always homogeneous; mixtures may be homo- 
geneous or heterogeneous, 

A mixture ati two or more mubstancos in conventionally called 
homogeneous if the Individual particles of the substances cannot bo 
detected by the naked eye or under the microscope due to their 
very small size. Gasoous mixtures, many liquids, certain alloys, ot0., 
are examples of such mixturos, 

Rocks, soil. turbid water, dusty air, otc., aro boterogeneous mix- 
turOs, 

‘The heterogoncity of a mixture Is not always manifest; sometimes 
it can be detected only with the aid of a microscope, For instance, 
at first sight blood Is a quite homo- 
geneous red liquid, but whon viewod 
under a microscope It Is found to con 
sist of a colourless liquid with rod and 
white corpuscles floating around In It, 

Milk is also a hel MOOUA MIX + 
ture, consisting of globules of fat LNs 


suspended ‘in a colourless liquid Ex AER CP i 
(Fig. 1). 0 SEN + 
In everyday life we can observe 


LASS Er 
that substances undergo various Ss Es 
changes; water spilled on the floor 
“dries up," স্ৰলবখ- লও লা 
vapour; an Iron article In moist a Vig. 1, A drop of milk viewed 
comos coated with rust; wood burns KP As ft mieroseope 

in tho stove, leaving but a heap of 

ashos; lonvos fallen the troos gradually docay, turning Into a 
dark mass of humus, ete, 

Whon a lead bullet, firod {rom a rifle, hits a stone, It grows so hot 
that tho lead molta and becomes a liquid. Hero, the mechanical 
motion of the bullet passes into the t | motion of the load 
particles, but this is not একক by any chemical s dicnen 
the load, as solid and Hquld lead are the samo substance In dil |] 
physical states. No new substance Is formed during the transfor 
mation, 

But when lead turns into ৩ লক Jas a result of 
heating. an ontirely new substance with s hee. Ad 
ing qualitatively the load, takes its place. same Noppem 
when Iron rusts, wood burns, of leaves decay —in all these cases new 
substances are formed, quite diflerent {rom the original substances. 

Phenomena accompanied by radical changes of substance in which 
new substances arise In place of the initial ones are called chemical 
[ক The science that treats of such phenomena is called 

, Hence, chemistry is the science of the transformation of 
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substances, It studies the composition and structure of substances, the 
relation between the properties of substances and their composition and 
structure, the conditions and ways of changing substances into one 
another, 

Chemical changes are always accompanied by physical changes. 
For this reason chemistry is closely related to physics. It is closely 
related also to biology, since any vital process is accompanied by 
continuous chemical changes of substances in the organism, by a 
continuous exchange of substances between the organism and its 
surroundings (metabolism). However, although chemical phenomena 
aro related to physical, and biological phenomena to physical and 
chemical, chemistry cannot be reduced to physics, nor biology to 
physics and chemistry, since each form of motion of matter has its 
peculiarities. 

In chemistry, as in other sciences, the study of any phenomenon 
begins first of all with observation and description of the phenomenon. 
But science does not confine itself only to description of observed 
phenomena; its most important task is to explain them. In secking 
to explain phenomena we strive to delve over deeper into their essence, 
to ascertain their causes, to establish the conditions under which 
they occur. For this purpose we reproduce various phenomena 
artificially, under conditions and in an environment best adapted 
for their study. The artificial reproduction of a phenomenon is called 
an experiment. Exporiments are mostly intended to check the truth 
of ideas or ste Ae which arise in studying a phenomenon. 
Assumptions put forth to explain a phenomenon, to establish its 
connection with other phenomena studied earlier, to unite severnl 
phenomena under a common idea, are called hypotheses. If the con- 
clusions which follow logically from the assumption made are con- 
firmed by experiment, If the hypothesis explains not only the phenom- 
enon in question, but permits general conclusions and prediction of 
new phenomena as alls’ the hypothesis bocomes a theory. If, on the 
other hand, experiment fails to confirm it, the hypothesis must bo 
discarded. 

‘Theory, which is a broad generalization of experience, greatly 
facilitates the study of phenomona, enables us to understand them 
better, Moreover, it points out the trend of further experiments and 
fives hints for carrying them out, and therefore has an instructive 
value. ‘Theory makes It possible to carry on investigations without 
groping in the dark, according to a pre-arranged plan, from a definite 
standpoint and on the basis of established Inws. 

EET important theoretical generalizations in chemistry, 
which have made for os in this branch of science are: the thoo- 
Sd of atoms and molecules, the theory of chemical structure, the 

riodic Law and the periodic system of chemical elements, 


3. Importance of chemistry, [ 


B. Im nee of Chemistry. Chemistry in the National Econom 
of the U.S.S.R. Chemistry plays un exceedingly Important part fs 
modern life, especially in man's industrial activities, There ls hardly 
a branch of industry but is connected with some application of 
chemistry, Nature gives us only the raw matorials— timber, ore, salt, 
coul, oil, ete. By subjecting natural materials to chemical troatmont, 
we obtain the various substances we nood for agriculture, for the 
manufacture of Industrial products and for domestic use—minoral 
fertilizers, motals, plastics, dyes, acids, medicinals and pharma- 
ceuticals, soap, soda, etc. Before treating natural raw matorials 
chemically we must know the general laws of the transformation 
of substances, and it is chemistry that gives us this knowledge. 

Chemistry concerns Itself also with finding the most economical 
ways of using natural materials, with the utilization of by-products 
and industrinl wastes; It seoks new, more efficient methods of pro. 
ducting Various substances, etc, 

Tsarist Russia had no large-scale chemical industry, Tho fow 
chemical plants that did exist wero of a somi-artisan nature, most 
of them owned by or os (i on foreign capital, The onginoors, 
technicians, foremen and other specialists employed at the plants 
wore mostly foreigners, The lack of progress in the chemical industry 
told strongly on the state of Russian chemical selence, which had no 
material basis for its development. Scientific activities and rosoarch 
were rarely encouraged by the state, In spite of those oxtremoly 
unfavourable conditions, however, Russian sclontists mado some 
major contributions to chomistry, 

‘The Great October Socialist Revolution of 1017 rooted out the 
cuuses that had retarded the progress of Russian sclence and paved 
the way for its free development. In tho vory first of existence 
of the new-born Soviet Republic, during the trying years of ruin 
and Civil War, chemical sclenco received a great deal of ald from 
the Soviet ক ন্িনশ যং HE research যাৰ সিল {লৰ পশলা 
wore organized, and they p an outstanding part in develop- 
ment of Soviet chemical science and Industry. Subsequently their 
numbers began to grow rapidly. The number of chemical nchools 
and colleges also Increased many times over, scale rosearch, 
both theoretical and applied, was Inunchod in all the branches ol 
chemistry at the universities and institutes. 

Russia pomsossod immense mineral rosourcos, but thoy were in 
sufficiently explored, and the chemical industry of tsarist Rumia 
onl, Imported raw materials. No wonder, therefore, that the 
sg of development of = Soviet লা বে ~~ Ee 
marked by intensive prospecti chemical raw ma s Asa 
result he work of the HR chemist N. Kurnakov and the 
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of potassium salts were discovered in the Soviet Union. considerably 
greater in size than all the European deposits taken together. In 199% 
an expedition headed by the Russian scientist A. Fersman discov- 
ered vast deposits of mineral Pphosphates—apatites—on the Kola 
Peninsula. 

A powerful chemical industry supported by home resources of 
raw materials sprang up in the U.S.S.R. during the pre-war five- 
year plan periods. The Soviet mining and chemical engineering 
combines based on the Kola apatites, ‘the Solikamsk potassium salts, 
the Ural chromium and copper ores, etc., are among the largest in 
the world. The same years witnessed the erection of such complex 
enterprises as synthetic ammonia and artificial rubber plants, plants 
for the electrothermal production of phosphorus, calcium carbide, 
concentrated fertilizer plants, agricultural pesticide plants, etc. The 
production of new types of artificial fibres, artificial leather, plastics, 
organic dyestuffs, pharmaceuticals and cinema film was mastered. 
‘The oil refinery industry was developed on a large scale. Production 
of optical glass, various types of high-quality chemical glass and of 
glass fibre was started. By 1941 the chemical industry had exceeded 
its pre-revolutionary level more than twentyfold. 

During the Great Patriotic War the chemical industry suffered 
heavy damage, but already by the end of the first post-war (fourth) 
five-year plan all the ruined plants had mostly been rebuilt and in 
1950 the level of production was 80 per cent above the pre-war level. 

In post-war years special emphasis was laid on the expansion of the 
branches of the chemical industry producing nitrogen and potassium 
fertilizers, plastics, synthetic rubber, organic synthetic products, 
chlorine and its derivatives. The production of synthetic fibre, 
synthetic ethyl alcohol, organic preparations for combating agri- 
cultural pests and others was started. The gross output of the chem- 
ical industry in 1957 was five times that of 1940. In volume of pro- 
duction the chemical industry of the U.S.S.R. is now the second 
largest in the world. 

The control figures for the economic development of the U.S.S.R. 
in 1959-1965, approved by the XXI Congress of the C.P.S.U. en- 
Visage rapid development of the chemical industry and especially 
of the production of chemical fibres, plastics, synthetic rubber and 
other synthetic materials and mineral fertilizers. By the end of this 
seven-year plan period the production of artificial fibres is to increase 
fourfold, that of plastics and synthetic resins more than sevenfold, 
of mineral fertilizers approximately threefold, compared to 1958. 
The output of sulphuric acid, ammonia, soda, alkalies and other 
important chemical products is to be increased not less than two- or 
threefold. Production of automobile tyres, technical rubber goods, 
rubber footwear, etc., is also to be stepped up considerably. 
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Further growth of the output of mineral fertilizers will make for 
their more extensive use in agriculture, and, consequently, for bigger 
yields of agricultural crops. It is planned to organize the production 
of new types of concentrated mineral fertilizers and new more effective 
pesticides. The production of weed-control chemicals will be 
organized on a large industrial scale, thus effecting a substantial 
saving of labour in agriculture. 

A very important task facing the chemical and oil industries is 
that of sharply increasing the utilization of natural, casing head and 
refinery gases for the production of synthetic rubber, ethyl alcohol, 
detergents and other chemical products. During 1959-1965 the 
expenditure of foodstufis for technical purposes must be completely 
stopped. This will release several million tons of grain and potatoes 
for the national consumption, as well as a considerable amount of 
edible fats. 

Of no less importance are the tasks of extending the assortment 
and increasing the output of synthetic materials for machine-building, 
radio and electrical engineering, for the aircraft, automobile and 
other industries. The production of high-quality varnishes and dyes, 
plastics, electrical insulation materials is to be expanded. New syn- 
thetic materials will not only substitute natural ones, but will make it 
possible to raise the technological level of production in many 
branches of industry. For example, the use of silico-organic insulation 
materials in the electrical industry will lengthen the lifetime of 
certain motors eightfold, and increase their power by 35 to 65 per 
cent without affecting their size. Plastics are not only successful 
substitutes for non-ferrous metals, but are often independent struc- 
tural materials, superior to metals in a number of respects. 

The use of plastics in machine-building simplifies technologies and 
reduces the weights of machines and finished goods. Chemical in- 
dustry products, particularly synthetic materials, are finding ever 
wider application with each year in the manufacture of textiles, 
garments, footwear and other consumer goods. Synthetic materials 
are used to make building parts and pipes, as decorative and insulat- 
ing materials, etc. 

Thus, the development of the chemical industry will make it 
possible to utilize the natural wealth of the country to the greatest 
effect and is a necessary condition for the further technical progress 
of all branches of the national economy. 

The decisions of the May (1958) plenary meeting of the C.C. 
C.P.S.U. outline a truly magnificent programme for rapid develop- 
ment of the chemical industry and especially the’ production of syn- 
thetic materials and goods made of them. This programme envisages 
the erection and commissioning in the period'1959-1965 of a large 
number of new enterprises, as well as extension of numerous 
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enterprises already in operation. According to the seven-year plan 
the capital investments needed for this purpose will total 100,000 to 
105,000 million rubles, which exceeds the investments made in the 
chemical industry during the previous Seven-year period by more 
than five times. 

Accomplishment of the tasks set before the chemical industry will 
make it possible to increase the total volume of output of the chemical 
industry almost threefold, which will be of immense importance for 
the entire national economy of the country. 

4. Birth of Chemistry and Initial Stages of Its Development. 
Chemistry, like other sciences, was born in the process of man's 
practical activities. 

In winning his means of existence man gradually came to know 
the causes of various phenomena and found practical applications for 
certain transformations of substances. Thousands of years ago people 
already knew how to obtain many useful materials. They knew how 
to smelt metals from their ores, produce and utilize various alloys, 
manufacture glass and glassware. 

In Egypt, technically the most advanced country of the ancient 
world, many trades based on the use of chemical processes flourished 
long before our era. The Egyptians smelted iron from its ores, pro- 
duced stained glass, knew how to tan leather, extract medicines, 
dyes and perfumes from plants, etc. 

Chemical production in India and China dates from still earlier 
times. 

Of course, the scraps of chemical information known at that time 
could hardly be called a science, but together with observations of 
natural phenomena they formed a basis for deliberation on the struce- 
ture of matter and its transformations. 

In the writings of ancient Hindu philosophers we read that the 
Universe is built up of a small number of simple substances. 

A more comprehensive and integral philosophical conception 
of nature originated in ancient Greece. It propounded the idea that 
the foundation of all things is uniform and that all the different sub- 
Stances the world consists of are various forms of a single principle. 

Some Greek philosophers taught that all entities came from water. 
Others were of the opinion that the basic substance of the universe 
Was air. Still others considered fire to be the origin of all things. 
In the V century B. C. Empedocles combined the ideas of his pre- 
decessors and added. one more fundamental substance—earth—to 
the three pointed out by them, thus assuming the existence of four 
principles, which he called elements. 

In the same century there arose an entirely new philosophical trend 
in the attempt to explain the structure of matter. The representatives 
of this trend were Leucippus and his disciple Democritus—the greatest 
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materialists of ancient times. According to Democritus, all bodies in 
nature are built up of minute solid impermeable and indivisible 
particles, which he called atoms. Atoms are so small that they cannot 
be seen. They may be infinitely different in shape and size, but they 
all consist of the same matter. There is nothing in the world but atoms 
and the void between them. The differences between substances 
depend solely on differences in the number, shape and arrangement 
of the atoms they consist of. Atoms possess the property of eternal 
motion. The motion of atoms explains the contraction of bodies when 
cooled and their expansion when heated, their mixing with water 
when dissolved and other phenomena. Changes of all kinds consist 
merely in the combination and se- 
paration of atoms. 

The materialistic teachings of 
Democritus were far in advance of 
the views of his contemporaries, 
but did not receive general recogni- 
tion. In its further development 
philosophy tended to attribute all 
phenomena to the abstract proper- 
ties of substance. This philosophy 
was grounded on the teachings of 
Aristotle (384-322 B. C.) which k 
greatly influenced the subsequent Fig. 2. Aristotle's elements 
development of natural science. 

Aristotle held that the basis of all material being was prima mate- 
ria, which is eternal and cannot be formed from nothing nor turn into 
nothing; its quantity in nature is unchangeable. Initial matter has 
four fundamental qualities, which are perceived by our senses and 
stand opposite each other by pairs: heat and coldness, dryness and 
wetness. The diversity of substances depends on combinations of 
these qualities in different proportions. Combining the qualities by 
pairs Aristotle arrives at the four elements of Empedocles—earth, 
water, fire and air (Fig. 2). 

According to Aristotle, the fundamental qualities are not connected 
inseparably with initial matter, but can be taken from or added to it. 
For instance, when we heat water we take coldness from it and add 
heat to it; the water evaporates, i. e., turns into air, as Aristotle 
thought. Hence the conclusion that elements could be transformed 
into one another. Therefore, the art of creating various substances 
boiled down to the combining of definite qualities. 

The Greek philosophers grounded their general conceptions of n 
tural phenomena only on observation; the productive forces of 
ciety at that time were still far from the level at which a prgti, 
science based upon experiment could arise. 
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While in Greece philosophers concentrated mostly on abstract 
theories, attempting to grasp the intrinsic Structure of matter, 
in other countries practical facts on chemical change were gradually 
being accumulated. 

According to the opinion prevailing today,chemistry, as a collection 
of various information, often enveloped in mystical form, arose 
at the beginning of our era (A. D.) in Alexandria, a city on the Nile. 
Alexandria was an immense commercial and cultural centre that 
attracted people and goods from all over the ancient world. It concen- 
trated and disseminated the practical knowledge which had existed in 
Egypt since times immemorial; there the Philosophical ideas of ancient 
Greece found their further development. Treatises written in Alexand- 
ria in the first century A. D. contained a great deal of chemical infor- 
mation, many illustrations Showing chemical apparatus, descriptions 
of the operations of calcining, volatilization, filtration, dissolving and 
crystallization. Here also arose the idea of transmuting base metals 
into gold, an idea which diverted chemistry for a long time to come 
to the path of fruitless searchings, thus retarding its progress. 

After the Arabian conquest of Egypt and other Eastern countries 
inJthe VII century, part of the knowledge accumulated in Alexandria 
Still remained intact. The Arabs made use of this knowledge and sub- 
sequently discovered and investigated many new Substances, including 
nitric acid and various salts. The Word “chemia,” which had been 
current among Alexandrian scientists, had the Arabian prefix “al” 
added to it and became “alchemy.” The Arabian scientists left a 
number of books containing descriptions of various chemical experi- 
ments and practical information. 

The conquest of Southern Spain by the Arabs promoted the pene- 
tration of practical chemical knowledge into Western Europe; with 
the Arabs came the idea of transmuting base metals into gold. 

The Middle Ages in Europe passed in fruitless attempts to material- 
ize this idea. In the history of chemistry this period is known as the 
period of alchemy. Scientific thought was at that time completely 
under the influence and control of the Catholic Church. The ruling 
doctrine was the teachings of Aristotle, distorted by the Church. 
Any doubt as to the truth of this doctrine, as well as of the 
other dogmas established by the Church, was cruelly persecuted. 
Complete stagnation in science and the decline of knowledge were 
characteristic of the Middle Ages. 

Instead of true chemistry, this period witnessed the flourishing of 
alchemy, concerned chiefly with attempts to obtain gold from base 
metals. All the efforts of alchemists were directed towards the search 
for the mysterious “philosophers’ stone” which, in their opinion, 
Possessed the wonderful properties of healing diseases, restoring youth 
and prolonging life, as well as transmuting base metals into gold. 
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Contrary to Arabian alchemy, which had played a positive part 
in the development of science, alchemy in Western Europe was a reac- 
tionary, anti-scientific trend. It was not until the Renaissance that 
chemistry really began to progress. 

During this period, characterized by the formation of capitalist 
relations in Europe, life confronted chemistry with numerous practical 
problems. Experiments in the use of chemical preparations for medici- 
nal purposes resulted in a new trend in chemistry, known as iatro- 
chemistry (medical chemistry). It was founded by Paracelsus, a 
Swiss physician, who held the main object of chemistry to be the 
preparation of medicines. The positive results which Paracelsus 
achieved by using chemical preparations in his medical practice 
brought him wide fame and prompted many physicians to engage in 
chemical research. The new trend forced back the “problems” of the 
alchemists and placed the study of chemical change on a sound 
footing. About this time appeared the works of Agricola, which laid 
the foundations of metallurgy and opened up a new vast sphere of 
application for chemistry. 

Although the chemists of that period were still under the influence 
of Aristotle's teachings and shared many of the delusions of alchemy, 
including the belief in the philosophers’ stone, still, their works 
contributed considerably to the chemical knowledge of their time. 

Alchemy was never widespread in Russia. Until the XVII century 
Russian practical chemistry developed independently of Western 
Europe. Chemical knowledge was exchanged mainly with the Near 
East (Byzantium, Armenia, etc.). By their observations and experi- 
ments Russian craftsmen added new facts to the chemical knowledge 
of their time. The experience acquired by Russian chemists was par- 
tially reflected in numerous collections of prescriptions known in 
Russia as travniki (herbals), tsvetniki (flower-books), ustavy (rule- 
books), lechebniki (cure-books), etc. 

Only in the XVII century did chemistry begin to free itself of the 
scholastic approach to the study of nature, and to found its conclu- 
sions on precise experiment. The founder of this new trend in chemi- 
stry was the English chemist Robert Boyle (1627-1691). 

Boyle was the first to usea new method of investigation in chemistry, 
based on the idea that knowledge comes from a generalization of 
experimental data and laws observed in natural phenomena. Boyle 
held that the task of the chemist is to perform experiments, accumu- 
late observations and not to put forth a single theory without a 
thorough investigation of the phenomena it embraces. The purpose 
of chemistry is to ascertain the structure of bodies, and the means of 
study is chemical analysis, which consists in the breaking down 0, 
bodies into their elements. But Boyle's elements had nothing in co) 
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“the simplest bodies, of which complex bodies are composed, and at 
Which we finally arrive by decomposing the latter.” Boyle’s theoret- 
ical views on chemical elements are set forth in his “Sceptical Chemist,” 
in which he sharply criticizes the conceptions of the alchemists 
and their teachings concerning the transmutation of metals. 

Boyle’s works, and especially his method of investigation, greatly 
influenced the further progress of chemistry. However, it took about 
another 100 years for chemistry to free itself entirely from the yoke 
of the Aristotelian conception of matter,which had retarded the pro- 
gress of science for so many years, and to take the path of strict 
scientific investigation of phenomena. This period is marked by the 
reign in chemistry of the so-called phlogiston theory, founded towards 
the end of the XVII century by the German chemist Stahl. 

The phlogiston theory owed its origin to the necessity of explaining 
the combustion, oxidation and reduction of metals— processes which 
interested chemists primarily in connection with the progress made 
by metallurgy during the XVII century. 

According to Stahl’s theory, all combustible Substances, including 
metals, contain a common flammable principle or materia ignea, 
Which he called phlogiston. When combustible Substances are burned, 
or metals calcined, the phlogiston volatilizes, leaving an earthy res- 
idue—calx. Hence, combustion is the decomposition of a substance 
into phlogiston and an earthy residue. For example: 


Zinc = phlogiston 4 zinc calx 


Substances which upon combustion leave a very small earthy 
residue, such as coal, are almost pure phlogiston. Phlogiston can be 
added to an incombustible substance—a calx—by calcining it with 
coal, which is rich in phlogiston. Then the calx becomes a metal. 


zinc calx + phlogiston = zinc 


Even the increase in the weight of metals during their combustion, 
Which so obviously contradicted the phlogiston theory, was no 
Obstacle to its development. Its adherents attributed this fact to the 
extreme lightness of phlogiston, which, contrary to other bodies, was 
not attracted to the earth, but repelled from it. Hence, the more 
Pphlogiston a body contained, the lighter it was. On the other hand, 
When a body lost phlogiston it became heavier. In a Similar manner 
they attempted to get around other contradictions. For instance, 
the indispensability of air to combustion was explained by the fact 
that phlogiston did not simply disappear upon combustion, but 
combined with the air or with some part of it. Tf there was no air 
present combustion ceased because there was nothing for the phlogis- 
ton to combine with. 


Mikhail Vasilyevich 
Lomonosov 
(1711-1765) 


The phlogiston theory was universally recognized for a long time. 
It made it possible to systematize most of the facts known at that 
time and to solve new problems put forth by practice. However, like 
any other false theory which creates illusory explanations instead of 
revealing the real causes of phenomena, the phlogiston theory finally 
became an obstacle to the progress of chemistry, preventing it from 
completely unfettering itself from the remnants of alchemical ideas. 
Chemistry was freed from the phlogiston theory in the latter half 
of the XVIII century as a result of the introduction into chemistry 
of precise methods of investigation, originated by the works of 
M. Lomonosov. 

5. M. Lomonosov. The Russian scientist Mikhail Vasilyevich 
Lomonosov was born in 1711, in the village of Denisovka near the 
town of Kholmogory, Arkhangelsk Gubernia, to the family of a 
fisherman. Taught to read and write by a literate fellow-villager, 
Lomonosov had soon perused all the books he could obtain in his 
village. Insatiable inquisitiveness and a passionate thirst for know- 
ledge led him at the age of 19 to leave his native village. In the 
winter of 1730 Lomonosov left on foot, with hardly any money in 
his pocket, for Moscow, where he succeeded in getting enrolled in 
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the Slav-Greek-Latin Academy, the only higher educational institu- 
tion in Moscow at that time. 

The rigid atmosphere of the Academy, and material difficulties 
did not discourage young Lomonosov. His brilliant capabilities and 
hard work enabled him to complete the seven-grade curriculum of 
the Academy in four years. Lomonosov did not finish the last grade, 
as he was transferred together with eleven others of the best pupils 
to Petersburg to study at the University of the Academy of Sciences. 

Less than a year after he came to Petersburg Lomonosov was sent 
abroad to study metallurgy and mining. 

In 1741, after his return from abroad, Lomonosov was appointed 
Adjunct of the Academy in the class of Physics, and soon became a 
Professor in chemistry and a full member of the Russian Academy 
of Sciences. 

Lomonosov was one of those rare minds whose scientific ideas 
are scores of years ahead of their time. Delving deep into the nature 
of observed phenomena, Lomonosov proceeded in his own original 
Way. His tireless scientific and practical activities were Striking 
for their breadth and diversity. “Only now, after two centuries have 
Passed, can we grasp in full and duly appreciate all that was done by 
this remarkable giant of science,” wrote S. Vavilov, late President 
of the U.S.S.R. Academy of Sciences. “His achievements in the spheres 
of physics, chemistry, AStronomy, instrument-making, geology, 
geography, linguistics and history would be worthy of the activities 
of a whole Academy.” No wonder Pushkin called Lomonosov “our 
first university.” 

One of the main problems which attracted all chemists in Lomo- 
nosov's time was that of the nature of fire and the essence of the 
combustion and roasting of metals. As was mentioned above, the 
Phlogiston theory affirmed that metals lost Phlogiston upon roasting. 
Another widespread theory at that time was that suggested by Boyle 
in 1673, according to which when metals are roasted a very fine 
“materia ignea” passes into the metals and combines with them, 
increasing their weight. 

Lomonosov was very sceptical about all kinds of imponderable 
“matters,” which served in his time to explain the phenomena of heat 
and cold, electricity and light. In his thesis “Deliberations on the 
Causes of Heat and Cold” presented to the Academy in 1745, he 
Sharply criticized the theory of “thermal matter” or “thermogen”, 
proved the impossibility of existence of such matter and expounded 
a mechanical theory of heat developed by himself, according to which 
thermal phenomena were due to the movement of the minute particles, 
of which all bodies consisted. In this thesis Lomonosov was the first to 
put forth the idea that the increase in Weight of metals when calcined 
may be due to their combining with the Surrounding air, and not to 
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the penetration into them of “materia ignea”, as Boyle supposed. 
The same idea was expressed in a more categoric form by Lomonosov 
in 1748 in his letter to the famous mathematician Euler, in which, 
analyzing Boyle's experiments in the roasting of metals, he wrote: 
“There is not the least doubt that the particles of air passing con- 
tinuously over the body being roasted combine with it and increase 
its weight.” 

Later, having succeeded through much effort in organizing a chemi- 
cal laboratory at the Academy of Sciences, Lomonosov undertook a 
verification of his assumptions by experiment. For this purpose he 
a first of all to check Boyle’s experiments in the roasting of 
metals. 

Boyle calcined the metals in sealed glass retorts. After a certain 
quantity of scale had formed on the metal Boyle would unseal the 
retort, noting the suction of air into it as a proof of the tightness of 
the seal, after which he would weigh the retort and its contents. 
Lomonosov performed the same experiments as Boyle, except that 
he weighed the retorts with the metal in them before and after cal- 
cining, without unsealing them. The following note by Lomonosov 
on these experiments has come down to us: 

“Made experiments in well-sealed glass vessels, to ascertain whether 
metals gain weight from pure heat. These experiments revealed that 
the good Robert Boyle’s opinion is false, for, unless the outside air is 
let in, the weight of the burnt metal remains unaltered.” 

From Lomonosov’s experiments it followed, first of all, that the 
increase in weight of metals upon roasting could be due neither to the 
addition of “materia ignea”, as Boyle assumed, nor to the loss of 
phlogiston, as the phlogistonists affirmed. At the same time, unseal- 
ing his retorts after the experiments, Lomonosov established that 
the weight of the vessels increased precisely because air was sucked 
into them. In this way he proved that the gain in weight of the metal 
when calcined was due to combination of the metal with air. Thus, 
Lomonosov was the first chemist to form a corret conception of the 
nature of combustion processes. 

Carrying out experiments in roasting metals in sealed vessels, 
Lomonosov established the fundamental law of chemical change of 
Substance, formulated in our days as follows: 


The mass of the substances entering into a reaction always equals 
the mass of the substances formed as a result of the reaction. 


This law, which is a concrete application of the universal law of the 
eternity of matter to chemical phenomena, is called the Law of Conser- 
vation of Mass. It is often called also the Law of Conservation of 
Weight, as the mass of a substance at any specified point of the globe 
is proportional to its weight. 
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The idea that substance in general cannot disappear or be formed 
anew, that its total quantity in the universe always remains constant, 
was put forth by the Greek Philosophers as far back as the V century 


B. C. and was accepted by many materialist philosophers of the XVI 
and XVHIT centuries as a thesis Which required no Proof. However, 
the chemists of that time did not understand the importance of this 


thesis for chemistry and paid no attention to the quantitative aspect 
of chemical processes, 

Credit for introducing quantitative determinations into chemistry 
is due to Lomonosov. In his chemical experiments he invariably used 
the balance, always determining the quantity of substances taken for 
the reaction and the quantity obtained after the reaction. With the 
aid of the balance Lomonosov proved that during chemical changes 
the total amount of substance remains unaltered. Lomonosov's 


Thus the principle of indestructibility of substance, which had up 
to then been but a Philosophical deduction, was proved for the first 


istry. Tt underlies the entire science of transformation of substances. 
Using this law the chemist can Constantly keep a check on the correot- 


One who knows the intrinsic nature Of substance “can explain all 
its possible transformations, including Separation, combination, etc.” 
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“The true chemist should be both a theoretician and a tical 
worker," Lomonosov sald. Procise oxperimoents with puro tancon, 
using "measures and weights," should be accompanied by theoretical 
analysis of the results obtained. Lomonosov pointed out the groat 
importance of the conception of the structure of substance in this 
connection. “Physicists and especially chemists are doomed to gro 
in the bi if they do not know tho Internal structure of insensib 
particles," 

OUEST his contemporaries by decades, Lomonosov developed 
a corpuscular theory of the structure of substance In which he anti- 
cipated the present-day theory of atoms and moloculos, 

Lomonosov considered chemistry his "main profession," but ho 
was at the same timo the first outstanding Russian physicist, Ho 
constantly emphasized the necessity of a close connection betweon 
chemistry and physics, boing firmly convinced that chemistry should 
bo studied with the aid of physics, that chemical pheonomona could be 
troated correctly only on the basis of physical laws, In his "Troatise 
on the Good of Chemistry" Lomonosov wrote: "A chomist without 
a knowledge of physics is like a man doomed to grope for overythi 
only by sense of Louch. And those two sclonces are so closely coniieidd 
to ono another that one cannot be complete without the other," 

Explaining chemical phenomena through the laws of ph 
Lomonosov founded a new science, namely, physical chemistry, 
In his "Course of the True Physical Chemistry." he first gave a clear 
definition of this subject: "Physical chemistry Ix tho scionce which 
uses physical laws and experiments to explain what occurs in mixed 
bodies through the office of chemical operations." 

Lomonosov was not only a talented sclontist, but a materinlist 
philosopher as well. Examining the phenomena of nature, he came to 
the materialistic conclusion on the fundamental question of 
philosophy —that of tho relation of thought to being. In a number of 
| fee rf generalizations he refuted the metaphysical ton 
prevailing in his time. Thus, he assorted that nature ax a sand 
its separate parts, keep Changing wrote of the ol 
knowledge as passing from the simplost scientific conclusions to more 
complex ones, vle. 

Lomonosov had deep faith in tho might of science and called on the 
Russian Je to conquer the heights of knowledge, As a member of 
the Rules Academy. 4 Golouces fe bent his energies to the propaga: 
tion of enlightenment in Russia, to the promotion of Russian science, 

In 1755 Moscow University, the first in Rumia, was founded 
thanks to the efforts and after the project of Lomonosov. This uni- 
versity subsequently became a ma jor centre of Rumsian enlightenment 
and science. 

Lomonosov died in 1765, at the age of 54. 
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The idea that substance in general cannot disappear or be formed 
anew, that its total quantity in the universe always remains constant, 
was put forth by the Greek philosophers as far back as the V century 
B. C. and was accepted by many materialist philosophers of the XVII 
and XVIII centuries as a thesis which required no proof. However, 
the chemists of that time did not understand the importance of this 
thesis for chemistry and paid no attention to the quantitative aspect 
of chemical processes. 

Credit for introducing quantitative determinations into chemistry 
is due to Lomonosov. In his chemical experiments he invariably used 
the balance, always determining the quantity of substances taken for 
the reaction and the quantity obtained after the reaction. With the 
aid of the balance Lomonosov proved that during chemical changes 
the total amount of substance remains unaltered. Lomonosov’s 
experiments in calcining metals in sealed vessels confirmed the idea 
which he first expressed in the above-mentioned letter to the mathe- 
matician Euler, and later (in 1760) formulated in much the same way 
in his “Arguments on the Solidness and. Liquidness of Bodies": 
“...All changes taking place in nature are of such a state that as 
much of anything as is subtracted from one body is added to another, 
so that if matter decreases in one place it will increase in another.” 

Thus the principle of indestructibility of substance, which had up 
to then been but a philosophical deduction, was proved for the first 
time by Lomonosov by means of precise quantitative experiments, 
and thus the brilliant conjecture of the ancient materialists became 
an experimentally proven law of nature. 

The Law of Conservation of Mass is of prime importance for chem- 
istry. It underlies the entire science of transformation of substances. 
Using this law the chemist can constantly keep a check on the correct- 
ness of the investigations he is carring out, as inequality of the 
weight of the substances taken to the weight of those obtained shows 
that some error has been made in the experiment. 

Lomonosov was the first to define chemistry as a science, while 
contemporary West-European chemists considered it a description 
of operations for “decomposing mixed bodies (i. e., complex sub- 
stances) into their constituent parts or obtaining bodies by combining 
constituent parts.” Lomonosov held that the subject of chemistry 
is not the chemical operations themselves, but what occurs in “mixed 
bodies” during chemical operations. . 

According to Lomonosov, “chemistry is the science of changes 
occurring in a mixed body....” He regarded this science as chemical 
facts connected by mathematical exposition and systematized accord- 
ing to the conceptions of the structure of substance. 

One who knows the intrinsic nature of substance “can explain all 
its possible transformations, including separation, combination, etc.” 
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“The true chemist should be both a theoretician and a practical 
worker,” Lomonosov said. Precise experiments with pure substances, 
using “measures and weights,” should be accompanied by theoretical 
analysis of the results obtained. Lomonosov pointed out the great 
importance of the conception of the structure of substance in this 
connection. “Physicists and especially chemists are doomed to grope 
in the dark if they do not know the internal structure of insensible 
particles.” 

Outstripping his contemporaries by decades, Lomonosov developed 
a corpuscular theory of the structure of substance in which he anti- 
cipated the present-day theory of atoms and molecules. 

Lomonosov considered chemistry his “main profession,” but he 
was at the same time the first outstanding Russian physicist. He 
constantly emphasized the necessity of a close connection between 
chemistry and physics, being firmly convinced that chemistry should 
be studied with the aid of physics, that chemical phenomena could be 
treated correctly only on the basis of physical laws. In his “Treatise 
on the Good of Chemistry” Lomonosov wrote: “A chemist without 
a knowledge of physics is like a man doomed to grope for everything 
only by sense of touch. And these two sciences are so closely connected 
to one another that one cannot be complete without the other.’ 

Explaining chemical phenomena through the laws of physi 
Lomonosov founded a new science, namely, physical chemist 
In his “Course of the True Physical Chemistry,” he first gave a cl 
definition of this subject: “Physical chemistry is the science whi 
uses physical laws and experiments to explain what occurs in mixe 
bodies through the office of chemical operations.” 

Lomonosov was not only a talented scientist, but a materialist 
philosopher as well. Examining the phenomena of nature, he came to 
the materialistic conclusion on the fundamental question of 
philosophy—that of the relation of thought to being. In a number of 
theoretical generalizations he refuted the metaphysical conceptions 
prevailing in his time. Thus, he asserted that nature as a whole, and 
its separate parts, keep changing, wrote of the development of 
knowledge as passing from the simplest scientific conclusions to more 
complex ones, ete. 

Lomonosov had deep faith in the might of science and called on the 
Russian people to conquer the heights of knowledge. As a member of 
the Russian Academy of Sciences he bent his energies to the propaga- 
tion of enlightenment in Russia, to the promotion of Russian science. 

[n 1755 the Moscow University, the first in Russia, was founded 
thanks to the efforts and after the project of Lomonosov. This uni- 
versity subsequently became a major centre of Russian enlightenment 


and science. 
Lomonosov died in 1765, at the age of 54. 
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The idea that substance in general cannot disappear or be formed 
anew, that its total quantity in the universe always remains constant, 
was put forth by the Greek Philosophers as far back as the V century 
B. C. and was accepted by many materialist philosophers of the XVII 
and XVIII centuries as a thesis which required no proof. However, 
the chemists of that time did not understand the importance of this 
thesis for chemistry and paid no attention to the quantitative aspect 
of chemical processes. 

Credit for introducing quantitative determinations into chemistry 
is due to Lomonosov. In his chemical experiments he invariably used 


to then been but a Philosophical deduction, was proved for the first 
time by Lomonosov by means of precise quantitative experiments, 
and thus the brilliant Conjecture of the ancient materialists became 
an experimentally proven law of nature. 

The Law of Conservation of Mass is of prime importance for chem- 
istry. It underlies the entire Science of transformation of Substances. 
Using this law the chemist can constantly keep a check on the correct- 
ness of the investigations he is carring out, as inequality of the 
Weight of the substances taken to the weight of those obtained shows 
that some error has been made in the experiment. 

Lomonosov was the first to define chemistry as a Science, while 


of operations for “decomposing mixed bodies (i. e., complex sub- 
stances) into their constituent parts or obtaining bodies by combining 
constituent parts.” Lomonosov held that the subject of chemistry 
is not the chemical operations themselves, but what occurs in “mixed 


One who knows the intrinsic nature of substance “can explain all 
its possible transformations, including Separation, combination, etc.” 
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“The true chemist should be both a theoretician and a practical 
worker,” Lomonosov said. Precise experiments with pure substances, 
using “measures and weights,” should be accompanied by theoretical 
analysis of the results obtained. Lomonosov pointed out the great 
importance of the conception of the structure of substance in this 
connection. “Physicists and especially chemists are doomed to grope 
in the dark if they do not know the internal structure of insensible 
particles.” 

Outstripping his contemporaries by decades, Lomonosov developed 
a corpuscular theory of the structure of substance in which he anti- 
cipated the present-day theory of atoms and molecules. 

Lomonosov considered chemistry his “main profession,” but he 
Was at the same time the first outstanding Russian physicist. He 
constantly emphasized the necessity of a close connection between 
chemistry and physics, being firmly convinced that chemistry should 
be studied with the aid of physics, that chemical phenomena could be 
treated correctly only on the basis of physical laws. In his “Treatise 
on the Good of Chemistry” Lomonosov wrote: “A chemist without 
a knowledge of physics is like a man doomed to grope for everything 
only by sense of touch. And these two sciences are so closely connected 
to one another that one cannot be complete without the other.” 

Explaining chemical phenomena through the laws of physics, 
Lomonosov founded a new science, namely, physical chemistry. 
In his “Course of the True Physical Chemistry,” he first gave a clear 
definition of this subject: “Physical chemistry is the science which 
uses physical laws and experiments to explain what occurs in mixed 
bodies through the office of chemical operations.” 

Lomonosov was not only a talented scientist, but a materialist 
philosopher as well. Examining the phenomena of nature, he came to 
the materialistic conclusion on the fundamental question of 
philosophy—that of the relation of thought to being. In a number of 
theoretical generalizations he refuted the metaphysical conceptions 
prevailing in his time. Thus, he asserted that nature as a whole, and 
its separate parts, keep changing, wrote of the development of 
knowledge as passing from the simplest scientific conclusions to more 
complex ones, etc. 

Lomonosov had deep faith in the might of science and called on the 
Russian people to conquer the heights of knowledge. As a member of 
the Russian Academy of Sciences he bent his energies to the propaga- 
tion of enlightenment in Russia, to the promotion of Russian science. 

In 1755 the Moscow University, the first in Russia, was founded 
thanks to the efforts and after the project of Lomonosov. This uni- 
versity subsequently became a major centre of Russian enlightenment 
and science. 

Lomonosov died in 1765, at the age of 54. 


CHAPTER II 


Atoms and Molecules 


The introduction of the quantitative method of investigation and 
the establishment of the Law of Conservation of Mass were of immense 
importance for the progress of chemistry. But only the atomic and 
molecular theories could provide chemistry with a sound scientific 
foundation. 

6. Origin of the Science of Atoms and Molecules. The fundamentals 
of the science of atoms and molecules were first expounded by Lomo- 
nosoy in 1741 in one of his first books, “Elements of Mathematical 
Chemistry,” in which he formulated the main theses of his corpuscular 
theory of the structure of matter. . 

According to Lomonosov’s conception, all substances consist of 
minute “insensible” particles, Physically indivisible and capable of 
cohesion with one another. The Properties of substances, and primarily 
their state of aggregation, depend on the properties of these particles; 
differences in the properties of substances are due solely to the 
properties of the particles themselves, or to the way they are 
connected. 

Lomonosov distinguished two kinds of particles: smaller ones which 
he called “elements,” corresponding to atoms in the modern sense of 
the word, and larger ones, “corpuscles,” which we now ‘call molecules. 

According to Lomonosov’s definition, “an element is a part of a 
body not consisting of any smaller bodies different from it.... A 
corpuscle is a collection of elements forming a single small mass.” 

Each corpuscle has the same composition as the substance as a whole. 
Chemically different substances have corpuscles of different composi- 
tions. As Lomonosov put it, “corpuscles are homogeneous if they con- 
sist of equal numbers of the same elements, combined identically,” 
and “corpuscles are heterogeneous if their elements are different and 
are combined differently or in different numbers.” 

From the above definitions it can be seen that Lomonosov held the 
difference between substances to be due not only to differences in the 
compositions of their corpuscles, but to different arrangements of 
the elements in the corpuscle as well. 

In expounding his views on substance being built up of “insensible” 
particles, Lomonosov emphasized that each corpuscle has a certain 


Antoine Laurent 
Lavoisier 
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finite, though very minute, size, So small that it cannot be seen, and 
possesses a definite mass. Like all physical bodies, corpuscles can 
move according to the laws of mechanics; deprived of motion, the 
corpuscles could not collide with one another, repel or otherwise act 
on each other and undergo changes. Particularly, such phenomena as 
the heating and cooling of bodies are due to corpuscular motion. 
Since all the changes of substances are due to the motion of corpuscles, 
chemical changes should be studied by physical and mathematical, 
as well as chemical, methods. 

The assumptions put forth in Lomonosov’s corpuscular theory 
could not be verified experimentally at that time for lack of accurate 
data on the quantitative composition of various complex substances. 
His ideas were far in advance of the science of that time, and the fun- 
damental theses on the corpuscular theory could not be confirmed until 
after chemistry had made considerable headway, accumulating a 
great deal of experimental data and mastering new methods of inves- 
tigation. 

7. The Works of Lavoisier. By the middle of the XVIII century 
the Aristotelian concepts of elements had already lost their signifi- 
cance, but air, water, various “earths” (calces) and fire under the 
guise of thermogen or phlogiston were considered elements as 
before. 
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Of great importance in establishing the correct conceptions of the 
chemical elements was the discovery in the latter half of the XVIII 
century of a number of gaseous substances: hydrogen, nitrogen, 
chlorine and especially oxygen. On the basis of these discoveries the 
famous French chemist Antoine Laurent Lavoisier (1743-94) de- 
veloped the oxygen theory of combustion, which played a very 
important part in the further progress of chemistry. 

In 1773 Lavoisier repeated Lomonosov’s experiments on the cal- 
cination of metals in sealed vessels, and came to the same results. 
But Lavoisier made a new, very important observation during these 
experiments: he found that only part of the air in the vessel is ab- 
sorbed when the calx forms, and that the difference in weight between 
the calx and the initial metal equals the weight of air absorbed. 
Somewhat later Lavoisier showed that the part of the air that dis- 
appears upon combustion is oxygen gas (discovered not long before by 
Priestley) and that air consists of oxygen and another gas which does 
not support combustion, to which he gave the name azote.* Hence 
followed the conclusion that combustion was not the decomposition 
of substance, as the phlogiston theory claimed, but its combination 
with oxygen, one of the component parts of air. 

Lavoisier’'s explanation of combustion phenomena caused a revo- 
lution in chemistry. Disproving the existence of phlogiston, this 
explanation radically changed the old views on chemical change. 
Metals, hitherto considered to consist of calx and phlogiston, turned 
out to be simple substances, and, on the other hand, the “calces” 
Or “earths” which had been taken for elements, now came to be re- 
garded as complex substances. At the same time it was proved 
that water is also a complex substance, a compound of hydrogen 
and oxygen, while air is a mixture of oxygen and nitrogen. 

Thus, it was established that many substances, which had hither- 
to been classed as elements (water, air, calx), were really either com- 
plex substances or mixtures. The real chemical elements were: the 
metals, oxygen, hydrogen, nitrogen, sulphur and other substances 
which could not be decomposed by chemical means. 

Having given the correct conception of the nature of combustion 
and oxidation, Lavoisier was not able, however, to part entirely with 
the then prevailing view on heat as an “imponderable” element, and 
even included it under the name.of “thermogen” in his list of genuine 
chemical elements. 

Carrying out quantitative analyses of various Substances, Lavoisier 
came to another very important conclusion: in chemical reactions 


* This name is still used in Russian, French and several other languages. 


The name nitrogen, now current in English, was suggested somewhat later by 
Chaptal.— Tr. 
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not only the total mass of the substances involved is Conserved, as 
Lomonosov had proved, but the mass of each of the elements contained 
in the reacting substances also remains constant. Consequently, in 
chemical reactions elements do not change into one another. This 
conclusion put an end to all sorts of alchemical attempts at trans- 
mutation of the elements. Indirectly it testified also to the existence 
of atoms and to the conservation of their mass in chemical reactions. 
On the other hand, the admission that all chemical elements (atoms) 
are unchangeable under any circumstances afterwards became an 
obstacle to the progress of science. 

Lavoisier’s great merit was that he systematized, on the basis of 
his oxygen theory of combustion, the immense number of facts 
accumulated by chemistry. He developed (in collaboration with three 
other French chemists) a rational chemical nomenclature, drew up an 
exact classification of all the substances known in his time (elements 
and chemical compounds). In 1789 Lavoisier published his famous 
“Elementary Textbook of Chemistry,” in which he made a brilliant 
generalization of all the achievements of chemistry of that time. 

Despite a large number of new discoveries, creating the prerequisi- 
tes for chemical atomics, the science of atoms and molecules made no 
further progress in the second half of the XVIII century. For its final 
development this science still lacked knowledge of the laws deter- 
mining the weight proportions between elements in complex sub- 
stances. These laws were discovered only at the turn of the XIX 
century. 

8. Law of Definite Proportions. Lomonosov stated at an early date 
that the corpuscles of a mixed body (complex Substance) must be of 
quite a definite, constant composition, of the same kind as the sub- 
Stance itself. “A mixed body,” he wrote, “is one that consists of two 
or more different principles combined in such a way that each sepa- 
rate corpuscle of the body is in the same ratio to the parts of the prin- 
ciple it is made up of, as the whole mixed body is to the entire 
Separate principles.” 

Experimental proof of this statement was obtained only in the late 
XVIII century, after the French chemist Proust had carried out 
thorough qualitative investigations of the composition of various 
substances. These investigations led to a conclusion known as the 
Law of Definite Proportions: 


No matter how a given chemical compound is obtained, ils compo- 
sition is always the same. 


The Law of Definite Proportions appeared as a result of repeated 
analyses of various chemical compounds. But the composition of a 
chemical compound can be established by synthesis as well as by anal- 
ysis. Thus, for instance, when water is decomposed by electric current 
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eight parts of oxygen by weight are always obtained for each part 
of hydrogen.* On the other hand, if we mix hydrogen and oxygen 
in aratio of 1:8 by weight and explode the mixture, the gases will 
combine without any residue. If one of the gases is taken in greater 
quantity than this ratio demands, the excess gas will be left out of 
the compound. Thus, synthesis confirms the results of analysis. 

On this basis the Law of Definite Proportions may be formulated 
alternatively as follows: 


When any substance forms, its elements always combine with 
each other in strictly definite proportions by weight. 


For a long time the Law of Definite Proportions was just taken 
for granted by chemists. No doubt, Lavoisier, who carried out numer- 
ous analyses of various substances also took it for granted. But this 
law was fully recognized only as a result of a prolonged argument 
between Proust and his countryman Berthollet who held that the 
composition of a given substance might fluctuate within certain li- 
mits, depending on the conditions of its formation and especially on 
the relative quantities of initial substances taken for its prepara- 
tion. By way of confirmation Berthollet presented the analyses of 
certain substances he had obtained under various conditions. 

The argument between Proust and Berthollet lasted for about 
seven years. The final victory went to Proust who proved by a number 
of precise analyses that in all the cases Berthollet referred to, he had 
been dealing with mixtures, and not pure substances. 

It would be wrong to conclude from the Law of Definite Proportions 
that compounds of identical composition must necessarily have iden- 
tical properties. Many substances known to be identical in composi- 
tion, are different in properties. This phenomenon, called isomerism, 
will be discussed in detail in § 168. 

9. Law of Multiple Proportions. Many elements are capable of com- 
bining with each other in several different proportions by weight, 
yielding, of course, different substances in each case. For example, 
copper forms two compounds with oxygen: one of them is black 
(cupric oxide) and contains 79.9 per cent copper and 20.1 per cent 
oxygen; the other is red and contains 88.8 per cent copper and 11.2 
per cent oxygen. Similarly, mercury and oxygen, tin and chlorine 
form two compounds each of different compositions; lead and oxy- 
gen give four different compounds, etc. 

In 1803 the British chemist Dalton, proceeding from the atomistic 
conception of the structure of substances, came to the following con- 
clusion, known under the rather inappropriate name of the Law of 
Multiple Proportions: 


* More precisely, for each 1.008 parts of hydrogen. 
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If two elements form several chemical compounds with one 
another, the weights of one of the elements corresponding to a fized 
weight of the other in these compounds are in a simple integral 
proportion. 


This conclusion was soon confirmed experimentally. Investigating 
the composition of the two hydrocarbonsknown at that time— methane 


Table 1 
Percentage Composition, 
Compound composition parts by weight 
carbon hydrogen | carbon hydrogen 
Marsh gas (methane) b 25 E] 1 


ঃ 
‘Olefiant gas (ethylene) . . . | 85.71 14.29 6 


and ethylene—Dalton established (Table 1) that the weights of carbon 
corresponding to one part by weight of hydrogen in these compounds 
were to one another as 3:6 or 1: 2. 

Dalton found the same simple proportions for compounds of carbon 
and oxygen. Carbonic acid gas (carbon dioxide) proved to contain 
half as much carbon as carbon monoxide, in relation to equal amounts 
of oxygen. Thus, experimental data quite agreed with the conclusion 
to which Dalton had come theoretically. Later this conclusion was 
confirmed by the precise experiments of the Swedish chemist Berzelius. 

A good illustration of the Law of Multiple Proportions are the five 
oxides of nitrogen, the compositions of which are given in Table 2. 


Table 2 
Percentage Composition, 

Oxide composition parts by weight 

nitrogen OXygen | nitrogen | oxygen 

Nitrous, OFid 6 ons, pact dia tat 63.7 36.3 1 0.57 
Nitdtio DEINE sate St in 20 UG 46.7 53.3 1 1.14 
Nitrogen trioxide. . . . . ..] 386.9 63.1 1 14 
Nitrogen-dioxide -. ars ur 30.5 69.5 1 2.28 
Nitrogen pentoxide . . 25.9 74.1 | 2.85 


The weights of oxygen in these compounds per part by weight of 
nitrogen are to each other as 


0.57:1.14:1.71:2.28:2.85 
3* 
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Jf we divide these figures by the least of them we get the ratios: 
1:2:3:4:5 


‘Two very important conclusions follow from the Law of Multiple 
Proportions: ৯ 

1) Compounds formed of the same elements usually differ sharply 
in composition by weight. For instance, in the above case each part 
by weight of nitrogen combines either with 0.57 parts of oxygen or 
with a quantity from 2 to 5 times greater. Hence, the individual 
compounds of a series consisting of the same elements dilfer in com- 
position Jump-wise. 

2) Any change in the quantitative ratio of combining elements leads 
to the appearance of a new quality. Thus, although the oxides of 
nitrogen consist of the same elements, they all differ qualitatively 
from one another, i. e., are different substances. This difference is a 
Striking illustration of one of the universal laws of nature—the law 
of the transition of quantity into quality. 

10. Law of Equivalent Weights. A study of the proportions by 
weight in which various elements combine, led to the discovery of 
another very important law, best illustrated by actual figures. 
Consider a series of hydrogen compounds having the percentage 
compositions shown in Table 3. 


Table 3 
Percentage composition 
Compound i 
chlorine carbon sulphur sodium oxygen | hydrogen 
Hydrogen chloride | 97.26 — —- — — 2.74 
Methane sr... — 75 — — — 25 
Hydrogen sulphide — — 94.12 — — 5.88 
Sodium hydride — — — 95.83 -- 4.17 
NAEP te — — — — 88.89 14.114 


Now, if we compute the weights of other elements combined with 
a fixed weight of hydrogen in these compounds (e. g., with one part by 
weight), we get the following scheme: 


hydrogen 
| 1part 
+ | J + 
chlorine carbon sulphur sodium oxygen 


35.5 parts 3 parts 16 parts 23 parts 8 parts 
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The elements in the above scheme combine not only with hydrogen, 
but with each other as well, forming compounds in the same propor- 
tions by weight with one another as with one part of hydrogen 
(Table 4). 


Table 4 
Composition in parts by weight 
Compound 

chlorine sulphur oxygen sodium carbon 
Sodium chloride . . .| 35.5 — — 23 — 
Carbon tetrachloride | 35.5 — — 8 
Chlorine oxide . . .| 35.5 — 8 — 
Sodium sulphide. . . — 16 — 23 — 
Carbon disulphide — 16 -- — 3 
Sodium oxide . . . . 7: — 8 23 — 
Carbon dioxide . . . = — 8 — ) 


If we had taken any other element, say, oxygen or chlorine, as the 
initial one instead of hydrogen, we should have come to the same 
conclusion. 

Thus, for all elements definite numbers can be found expressing ° 
the weights in which they combine with one another. These numbers 
were at first called “combining weights.” 

Dalton was one of the first to calculate the combining weights for a 
large number of elements. In doing this he followed the same proce- 
dure as above, i. e., assumed the combining weight of hydrogen to be 
equal to unity.* But as hydrogen forms compounds by no means with 
all elements, combining weights began to be calculated soon after in 
relation to oxygen, the combining weight of oxygen being taken 
equal to eight. Thereupon the combining weights calculated with res- 
pect to hydrogen retained their former values, but the combining 
weight of hydrogen became 1.008. 

Subsequently the name “combining weight” was substituted by 
“equivalent weight” meaning a quantity of equal value. Elements 
not only combine with one another, but also displace one another in 
their compounds in equivalent weights. 

By the present-day definition, the equivalent weight of an element is 
the weight of that element which will combine with eight parts by 
weight of ozygen (or 1.008 parts of hydrogen) or will displace those 
amounts from their compounds. 


* Dalton assumed the combining weight of hydrogen to be unity, because 
hydrogen is the lightest of all the elements and always enters into the composi- 
tion of various compounds in the least amount. This was done to avoid fractional 


combining weights. 
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The introduction of the concept “equivalent weight” made it 
Possible to formulate the following law, called the Law of Equivalent 
Weights: 


Elements combine with one another in quantities proportional to 
their equivalent weights. 


Equivalent weights are usually found either from analysis data on 
Various compounds or from the results of displacement of one element 
by another. It should be stressed that in determining equivalent 
weights there is no need to proceed necessarily from compounds with 
oxygen or hydrogen. Making use of the Law of Equivalent Weights 
Wwe can calculate the equivalent weight of any element from itscompound 
with any other element of known equivalent weight. 


Example. 8.5 gr. of iron combine with sulphur, giving 5.5 gr. of iron sul- 
ES Ry the equivalent weight of iron if the equivalent weight of sulphur 
equals 16. 

The information stated in the problem shows that in iron sul phide 3.5 parts 
by weight of iron are combined with 2 parts of sulphur (5.5 — 3.5 = 2). Since 
the equivalent weight of iron is the weight of it that combines with one equiva- 
lent weight of sulphur, then 


equivalent weight of iron= XE = 28. 


As the same elements often combine in different proportions to 
form several different compounds, the equivalent weight of an element 
may obviously have several values, depending on the compound by 
which it was calculated. But in all such cases the various equivalent 
weights of the same element are in proportion of small whole numbers. 
For example, the equivalent weights of carbon calculated from the 
composition of its compounds with oxygen equal 3 and 6 and are in 
proportion of 1:2. 

The conception of equivalent weights has been extended also to 
complex substances. 

The equivalent weight of acomplez substance is the weight of the sub- 
stance which will react without residue with one equivalent weight of 
hydrogen (1.008 parts by weight) or ozygen (8 parts by weight) 
Or, in general, with one equivalent weight of any substance. 

Thus, for instance, if hydrogen is passed over strongly heated 
cupric oxide, 1 gr. of hydrogen will reduce 40 gr. of cupric oxide. 
‘The latter number is the equivalent weight of cupric oxide. The 
equivalent weight of sulphuric acid equals 49, since 49 parts by 
weight of sulphuric acid react without residue with one equivalent 
Weight of magnesium, zinc and other metals. In their turn, cupric 
oxide and sulphuric acid react with one another without residue if 


John Dalton 
(1766-1844) 


49 parts by weight of sulphuric acid are taken for every 40 parts 
of cupric oxide, 

11, Development of Atomics by Dalton. Introduction of the Atomic 
Weight Concept into Chemistry. The discovery of the laws governing 
the combination of elements permitted the English chemist Dalton 
to develop the quantitative aspect of the atomic theory and to explain 
a number of chemical facts, unknown in Lomonosov's times, on the 
basis of the atomic concept. 


Jobn Dalton was born in 1766, in Cumberland/(England), The son of a poor 
weaver, Dalton went to work at an early age, but spent all his spare time in 
studying mathematics, the natural sciences and Latin. 

In 1793 Dalton was invited to Manchester to instruct in mathematies and 
natural philosophy at college. In Manchester Dalton was elected Secretary and 
then President of the Philosophical Society. 

Of the natural sciences Dalton was especially interested in meteorology. 
From 1787 to his very death he daily wrote Lon his observations of the weather 
and thus made no less than 200,000 observations. His interest in meteorology 
led him to investigate the properties of gases. He discovered the Law of Partial 
Pressures of Gases and from it deduced, as a corollary, that the solubility of a 
Eas in mixture with other gases is proportional to its partial prossuro. From 
1803 Dalton bogan to develop the atomic theory in application to chemistry. 
He established the Law of Multiple Proportions, introduced the conception of 
relative atomic weights and drew up the first table of atomic weights consisting 
of 14 elements. He was also the first to use various signs to denote atoms; later 
these signs were replaced by the chemical symbols we employ today. 

Dalton's works brought him world recognition. Dalton was an honorary 
member of many scientific societies, in particular, the Moscow Society of Na- 
tural Science Fans. 
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The introduction of the concept “equivalent weight” made it 
Possible to formulate the following law, called the Law of Equivalent 
Weights: 


Elements combine with one another in quantities proportional to 
their equivalent weights. 


Equivalent weights are usually found either from analysis data on 
various compounds or from the results of displacement of one element 
by another. It should be stressed that in determining equivalent 
weights there is no need to proceed necessarily from compounds with 
oxygen or hydrogen. Making use of the Law of Equivalent Weights 
We can calculate the equivalent weight of any element from ils compound 
with any other element of known equivalent weight. 


Example. 3.5 gr. of iron combine with sulphur, giving 5.5 gr. of iron sul- 
A the equivalent weight of iron if the equivalent weight of sulphur 
equals 16. 
yj The information stated in the problem shows that in iron sulphide 3.5 parts 
by weight of iron are combined with 2 parts of sulphur (5.5 — 3.5 = 2). Since 
the equivalent weight of iron is the weight of it that combines with one equiva- 
lent weight of sulphur, then 


3.5 xX 16 


equivalent weight of iron= ত = 28. 


As the same elements often combine in different proportions to 
form several different compounds, the equivalent weight of an element 
may obviously have several values, depending on the compound by 
Which it was calculated. But in all such cases the various equivalent 
weights of the same element are in proportion of small whole numbers. 
For example, the equivalent weights of carbon calculated from the 
composition of its compounds with oxygen equal 3 and 6 and are in 
proportion of 1: 2. 

The conception of equivalent weights has been extended also to 
complex substances. 

The equivalent weight of acomplez substance is the weight of the sub- 
stance which will react without residue with one equivalent weight of 
hydrogen (1.008 parts by weight) or oxygen (8 parts by weight) 
Or, in general, with one equivalent weight of any substance. 

Thus, for instance, if hydrogen is passed over Strongly heated 
cupric oxide, 1 gr. of hydrogen will reduce 40 gr. of cupric oxide. 
The latter number is the equivalent weight of cupric oxide. The 
equivalent weight of sulphuric acid equals 49, since 49 parts by 
Weight of sulphuric acid react without residue with one equivalent 
weight of magnesium, zinc and other metals. In their turn, cupric 
oxide and sulphuric acid react with one another without residue if 
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49 parts by weight of sulphuric acid are taken for every 40 parts 
of cupric oxide. 

11. Development of Atomics by Dalton. Introduction of the Atomic 
Weight Concept into Chemistry. The discovery of the laws governing 
the combination of elements permitted the English chemist Dalton 
to develop the quantitative aspect of the atomic theory and to explain 
a number of chemical facts, unknown in Lomonosov’s times, on the 
basis of the atomic concept. 


John Dalton was born in 1766, in Cumberland:(England). The son of a poor 
weaver, Dalton went to work at an early age, but spent all his spare time in 
studying mathematics, the natural sciences and Latin. 

In 1793 Dalton was invited to Manchester to instruct in mathematics and 
natural philosophy at college. In Manchester Dalton was elected Secretary and 
then President of the Philosophical Society. 

Of the natural sciences Dalton was especially interested in meteorology. 
From 1787 to his very death he daily wrote down his observations of the weather 
and thus made no less than 200,000 observations. His interest in meteorology 
led him to investigate the properties of gases. He discovered the Law of Partial 
Pressures of Gases and from it deduced, as a corollary, that the solubility of a 
fas in mixture with other gases is proportional to its partial pressure. From 
1803 Dalton began to develop the atomic theory in application to chemistry. 
He established the Law of Multiple Proportions, introduced the conception of 
relative atomic weights and drew up the first table of atomic weights consisting 
of 14 elements. He was also the first to use various signs to denote atoms; later 
these signs were replaced by the chemical symbols we employ today. 

Dalton’s works brought him world recognition. Dalton was an honorary 
member of many scientific societies, in particular, the Moscow Society of Na- 
tural Science Fans. 
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Dalton’s views were essentially as follows: 

1) All substances consist of minute particles—atoms, bound to- 
gether by forces of mutual attraction. 

2) Each substance consists of its own atoms. Simple substances 
consist of simple indivisible atoms, complex substances—of “complex 
atoms,” capable of breaking down during chemical reactions into 
atoms of simple substances. 

3) All the atoms of the same substance are identical in Shape and 
weight, but differ from the atoms of any other simple or complex sub- 
stance. The weight of a complex atom equals the total weight of the 
simple atoms it consists of. 

4) When complex substances form, their “complex atoms” are built 
up of a small number of simple atoms. Thus, for instance, two.simple 
Substances consisting of atoms A and B may form complex substances 
with particles of the composition A+-B or 2A+B or A+2B, etc. 
This accounts for the fact that several different compounds can be 
formed from the same. two elements. 

Comparing the views of Lomonosov and Dalton on the structure 
of substance, we find that Lomonosov’s generalizations were in many 
respects closer to the present-day theoretical ideas accepted in chem- 
istry. Thus, Dalton did not see the qualitative difference between 
simple and complex atoms. In his conception a complex atom (mole- 
cule) was a mechanical combination, a mere sum of simple atoms, 
and not a new qualitative formation, as Lomonosov considered it. 
Besides, Dalton was strongly against the assumption that simple 
Substances may consist of molecules, or complex atoms, by his ter- 
minology. According to Dalton, atomic motion was due to thermogen. 
To his opinion atoms themselves had no motion. 

Despite the fact that Dalton’s atomics was somewhat limited, his 
atomic hypothesis, together with the data on the quantitative com- 
position of the substances known at that time, served as a basis 
for the introduction into chemistry of the concept of atomic weight 
of an element. 

Having formulated his views on the structure of Substance, Dalton 
undertook the task of determining the weight of the atoms of the 
individual elements. Taking into account that the absolute weights of 
the atoms are exceedingly small and cannot be determined by direct 
weighing, Dalton decided to determine relative atomic weights, taking 
the weight of the hydrogen atom, the lightest of all atoms, as unity. 

Thus, Dalton defined the atomic weight of an element as the 
ratio between the weight of the atom in question and that of a hyd- 
rogen atom. 

To determine the atomic weight of any element Dalton would 
Proceed from the results of analysis of a complex substance consisting 
of hydrogen and the element in question. The weights of the elements 
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to each hydrogen atom, the atomic weight of oxygen is four; if, on 
the contrary, there are two hydrogen atoms for each oxygen atom, the 
atomic weight of the latter will equal 16, etc. Having no data at his 
disposal to solve this question, Dalton made the simplest assumption 
that the water atom consisted of one atom of hydrogen and one of 
oxygen; hence the atomic weight of oxygen equalled eight (this 
value was accepted in chemistry for a long time). Thus, the atomic 
weight of an element was identified with its equivalent weight. But 
this identification, aside from its arbitrariness, led to new difficulties. 
For instance, it was established by analysis that ammonia contains 
42/3 parts by weight of nitrogen to each part of hydrogen, and nitric 
oxide—7 parts of nitrogen to 8 parts by weight of oxygen. If, pro- 
ceeding from the composition of ammonia, the atomic weight of 
nitrogen were accepted as being equal to 42/3, it would have to be 
assumed that in the complex atom of nitric oxide the oxygen atom 
(8 parts by weight) is combined with 1/» atoms of nitrogen (42/3-- 
-21/3=7 parts by weight), i.e., that the nitrogen atom can be 
divided in half. 

Difficulties arose also in determining the atomic weights of elements 
with several equivalent weights, there being no way of deciding which 
of them to accept as the atomic weight. 

All this showed that the atomic hypothesis was in itself insuffi- 
cient for determining the number of simple atoms in the complex 
atom of a chemical compound and establishing their true atomic 
weights. 

These difficulties were overcome only after the atomic hypothesis 
was supplemented by the conception of molecules as the smallest 
particles of substance capable of independent existence. This con- 
ception arose from a study of reactions between gaseous substances. 

12. Relations Between Combining Volumes of Gases. The first 
quantitative investigations of reactions between gases belong to the 
French scientist Gay-Lussac, the author of the well-known Law of 
Thermal Expansion of Gases. Between 1804 and 1808 he measured 
the volumes of gases entering into and resulting from reactions 
between gaseous substances. Gay-Lussac enunciated the results of 
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his investigations in the form of the following generalization, known 
as the Law of Combining Volumes, or Gay-Lussac’s “Chemical” Law. 


The volumes of interacting gases are always in a ratio of small 
whole numbers to one another and to the volumes of the gaseous 
reaction products. 


Of course it is taken for granted that the volumes of all the gases 
taking part in the reaction are measured at equal pressures and tem- 
peratures. To verify Gay-Lussac’s Law, let us examine several 
reactions between gaseous substances. As we know, when water is 
decomposed by electricity, the volume of hydrogen liberated is 
always twice as large as that of oxygen. These gases have to be 
mixed in the same two-to-one ratio for them to combine without 
residue into water. The volume of water vapour they form in this 
case is equal to *%/s of the initial volume of the gaseous mixture, 
i.e., three volumes of detonating gas, or two volumes of hydrogen 
and one of oxygen, give two volumes of water vapour. Thus. in the 
reaction between hydrogen and oxygen the proportion between their 
volumes and that of the resulting water vapour is very simple. 

Now let us turn to another well-known reaction between gaseous 
substances. If we mix equal volumes of chlorine and hydrogen and 
Pass an electric spark through the mixture or expose it to bright 
sunlight, an explosion will take place, resulting in a new gaseous 
substance—hydrogen chloride. The gases combine without residue 
if their volume ratio is one to one, and exactly two volumes of 
hydrogen chloride are formed. 

The same regularity is observed in the formation of ammonia 
from nitrogen and hydrogen. One volume of nitrogen and three of 
hydrogen form exactly two volumes of ammonia. 

All this is well illustrated by the following diagram: 
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13. Avogadro's Law. Gay-Lussac's investigations attracted the 
general attention of chemists. The simplicity of the relation between 
the volumes of reacting gases showed that here was a manifestation 
of some fundamental property of gases, another expression of which 
Was their identical behaviour when subjected to changes of pressure 
and temperature. In the opinion of Berzelius, one of the most 
authoritative chemists of that time, this property consisted in the 
fact that equal volumes of gases under identical conditions contain 
equal numbers of atoms. Hence it seemed that the'atomic weights 
of gases could be determined by comparing the weight of the gas 
with the weight of an equal volume of hydrogen. However, this 
assumption immediately came up against a number of contradictions. 
Indeed, if the number of atoms in equal volumes of gases is the same, 
then one volume of chlorine and one volume of hydrogen, for in- 
Stance, cannot give more than one volume of hydrogen chloride, as 
the complex hydrogen chloride atom must consist of at least one 
atom of chlorine and one of hydrogen. Meanwhile, in Gay-Lussac’s 
experiments two volumes of hydrogen chloride were formed. Similar 
contradictions arose when other reactions between gases were exam- 
ined. 

The key to the explanation of Gay-Lussac’s laws was found by 
the Italian physicist Avogadro, who pointed out in 1811 that all 
these contradictions could easily be eliminated by introducing the 
conception of the molecule as the smallest particle of any substance 
capable of independent existence, at the same time retaining the 
conception of the atom as the smallest amount of an element in 
molecules of various compounds. Avogadro emphasized the fact that 
molecules of simple substances are not necessarily identical with 
elemental atoms; on the contrary, they usually consist of several 
identical atoms, as Lomonosov had affirmed at an earlier date. 

Avogadro's main thesis was as follows: 


Equal volumes of any gases at the same lemperature and the 
same pressure contain equal numbers of molecules. 


Avogadro’s hypothesis not only explained the simple proportions 
between the volumes of reacting and resulting gases, but also per- 
mitted some very important conclusions regarding the number of 
atoms in the molecules of simple and complex gases, opening the 
way to the determination of true atomic weights. 

14. Triumph of the Molecular Theory. The conception of the 
molecular structure of simple substances did not by any means 
receive immediate recognition. Its adversaries were Dalton and 
Berzelius, the main chemical authorities of that time, who stubbornly 
would not admit the possibility of molecules consisting of like atoms. 
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It was not until the late forties of the XIX century that Avogadro's 
hypothesis began to gain footing in chemistry. But it was finally 
recognized only in the sixties as a result of the work of Avogadro's 
countryman, the Italian scientist Cannizzaro. In 1858 there appeared 
a booklet by Cannizzaro entitled “Synopsis of a Course in Chemical 
Philosophy” in which, proceeding from Avogadro’s conceptions of 
molecules, he set forth his views on the fundamental problems of 
chemistry with, remarkable clarity and pointed out methods of 
determining molecular and atomic weights which excluded all pos- 
sibility of arbitrariness in their selection. Cannizzaro sent his booklet 
to many prominent chemists of Europe. On the initiative of some 
of them two years later (in 1860) a congress of chemists of all countries 
was called in Karlsruhe to discuss the current problems of chemistry. 
Here Cannizzaro's views received general approval. As regards the 
main question, concerning the difference between atoms and mole- 
cules, it was resolved to distinguish strictly in the future between 
these two most important conceptions of chemistry. The congress 
adopted the following definitions: 

A molecule is the ultimate particle of a substance capable of ezisting 
independently and incapable of being further broken down without 
loss of the essential chemical properties of the substance. 

An atom is the smallest particle of an element in the molecule of a 
simple or complex substance.* 

Today Avogadro's hypothesis as to the equality of the number of 
molecules in equal volumes of gases has been confirmed by so many 
SE in the sphere of physics and chemistry that it may be considered 
a law. 

15. Molecular Theory and Chemical Elements. The theory of atoms 
and molecules brought considerable clarity and distinctness into one 
of the most important concepts of chemistry—that of the chemical 
element. 

The term “element” was introduced into chemistry by Boyle to 
denote simple substances, i.e., substances which cannot be decompo- 
sed by chemical means. For a long time these two conceptions were 
considered equivalent. 

D. Mendeleyev was one of the first chemists to point out the 
necessity of distinguishing clearly between the notion of a simple 
body, as an individual homogeneous substance, and of the same 
simple body as a substantial part or element in complex substances. 

Indeed, a simple substance possesses definite physical and chemical 
properties, but when it combines with another substance it loses 


* At present these definitions cannot be considered exhaustive. The reader 
Will receive a more complete idea of molecules and atoms after a study of their 
Structure. 
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most of them. For example, when iron combines with sulphur, it 
loses its metallic lustre, malleability, magnetic properties, etc. Hence, 
iron sulphide does not contain iron as such, as we know it in contra- 
distinction to other substances. But since metallic iron can be obtained 
again from iron sulphide by means of chemical reactions, chemists 
say that iron sulphide contains the element iron, meaning the material 
Which goes to make up metallic iron. Like iron, the sulphur in iron 
sulphide is not in the form of the brittle yellow combustible substance, 
but in the form of the element sulphur. Similarly, tlie hydrogen and 
oxygen contained in water are not the gaseous hydrogen and oxygen 
with their characteristic properties, but the elements hydrogen 
and oxygen. In their “free state” these elements are simple sub- 
stances. 

When in the sixties of last century the views of Cannizzaro began 
to take root among chemists, the simple substance and the chemical 
element were compared with the molecule and the atom: a simple 
Substance, like any substance, consists of molecules, while a chemical 
element consists of atoms. Subsequently, the chemical element was 
gradually identified more and more with the atom as the smallest 
particle of the element, existing in molecules and carrying all the 
properties of the element. Thus, from the standpoint of the theory 
of atoms and molecules, a chemical element is a kind of atoms possessing 
a definite set of properties. Each separate atom is a chemical element, 
but any combination of atoms is no longer an element; if atoms 
of the same element unite they form simple substances; combina- 
tions of different elements result either in a mixture of simple sub- 
stances or in a complex substance. 

The difference between a simple substance and an element becomes 
especially vivid when we have to do with different simple substances 
consisting of the same element. 

Take, for instance, a piece of phosphorus. It isa white translucent 
substance, melting at 44.2°C, and very poisonous; phosphorus glows 
in the dark and is capable of igniting spontaneously in the air; for 
this reason it is always kept under water. Phosphorus is a simple 
substance; it cannot be decomposed into other substances. However, 
if we heat phosphorus without access of air almost to the boiling point, 
its properties will change sharply after some time: it becomes red- 
violet in colour, ceases to glow in the dark, becomes unpoisonous 
and no longer ignites spontaneously in the air; moreover, these 
properties do not disappear when the source of heat is removed. 
Thus, we unquestionably have to do with the transition of one 
substance into another, but with a transition of quite a peculiar 
nature: the initial substance has not decomposed, nor has anything 
combined with it. This circumstance makes us regard both the initial 
substance and that obtained after heating as various forms of existence 
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of the same element, Phosphorus, in its free state: the first is 
called white, and the second—red phosphorus. 

The best proof of the fact that white and red phosphorus are actual- 
ly different forms of the same element and consist of the same atoms, 
is their attitude towards oxygen: when heated in oxygen, both white 
and red phosphorus combine with it, yielding the same substance, 
phosphoric anhydride. Hence, phosphorus can exist in the elemental 
State as two simple substances. There are many other elements which, 


Oxygen Potassium 2. 35 p.c. 
49.13 p.c. Magnesium 2. 35p.c. 
Hydrogen 1.007p.c¢. 
Others app. 2 pc. 


Fig. 3. Weight percentages of the elements in 
the earth's crust (after Fersman) 


like phosphorus, exist as several different substances. Thus, the fa- 
miliar simple substances, charcoal, graphite and diamond, though 
of widely different properties, are nevertheless various forms of the 
element carbon. Combining with any other simple substance, they 
all form the same complex substance; for example, when any of them 
combines with oxygen, the result is carbon dioxide. 

The existence of a chemical element in the form of several simple 
Substances is called allotropy, and the Simple substances formed by 
one and the same element are called its allotropic modifications. 

Any change in the number or arrangement of the same atoms in 
the molecule results in a qualitatively new substance with different 
Properties. This was pointed out by Lomonosov, who claimed that 
molecules (corpuscles) could differ not only in qualitative composition 
but in the number or order of combination of their atoms as well. 

Thus, a molecule is not Simply the sum of the atoms constituting 
it, and, therefore, the properties of a complex substance are not a 
simple sum of the properties of the elements in it. When atoms combine 
chemically, they do not remain absolutely unchanged, but exert a certain 
influence on one another, so that the same atoms in different molecules 
are in different states. For instance, the state of the sulphur and iron 
atoms in iron sulphide differs from that of the Simple substances 
sulphur and iron. 
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16. Occurrence of the Elements on the Globe. The abundance of 
the diiferent elements on the globe is far from equal. The study of their 
occurrence in the earth’s crust is the subject of a special branch of 
Science called geochemistry, founded largely due to the works of the 
Soviet scientists, Academicians V. Vernadsky and A. Fersman. 


Vladimir Ivanovich Vernadsky, one of the world's greatest mineralogists, 
devoted many years to investigations in the field of mineral formation and to 
studies of the composition of the earth’s crust. He established the percentage 
content in the latter of many elements, including rare and disseminated elements 
(rubidium, caesium, thallium, etce.). His works on radioactive metals and on 
the ores of the rarer metals were the scientific basis for the development of the 
rare metals industry of the U.S.S.R. 

Vernadsky was the first to draw attention to the role of live matter in the 
history of the chemical elements on the earth. In this connection he devoted the 
latter 15-20 years of his life to a study of the chemical composition and occur- 
rence of animal and plant organisms. Vernadsky investigated their participation 
in reactions between and the migration of chemical elements in the earth's 
crust (the biosphere), and founded a new important branch of geochemistry 
known as biogeochemistry. 


At present the composition of the earth’s crust is quite well known. 

The most abundant element is oxygen, which constitutes 49.18 per 
cent of the part of the earth’s crust accessible to investigation (see 
Fig. 3). Second in abundance is silicon (26.0 per cent), and then 
come aluminium, iron, calcium, sodium, potassium, magnesium and 
hydrogen. The nine elements named account for over 98 per cent of 
the earth's crust, leaving less than 2 per cent for all the rest. These 
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two per cent include such economically important elements as copper, 
zinc, lead, nickel, sulphur, phosphorus, etc. 

It should be pointed out that our usual ideas of the abundance 
of an element often do not rally with the total percentage content of 
that element in the earth’s crust. Such long-known and well 
studied elements as mercury, arsenic, gold, iodine, etc., occur in 
the earth’s crust in quantities many times smaller than titanium, 
zirconium and vanadium, which are ordinarily considered “rare” 
‘elements. 

This contradiction may be explained as follows. Some of the 
elements, despite their small total content in the earth's crust, form 
separate, though rather rare, workable accumulations (deposits) at the 
earth's surface, occuring sometimes in their native state (gold, 
mercury, platinum and others). Owing to the comparative acces 
sibility of these elements they became known to mankind in ancient 
times, and for this reason are not considered rare. Other elemenls, 
on the other hand, are greatly disseminated through the minable 
layer of the earth's crust, and are therefore referred to as rare elo- 
ments to this day. 


Alexander Yevgenyevich Fersman, a pupil of Vernadsky'’s, was the founder 
of the modern school of geochemistry and the author of a number of major works 
in geochemistry. 

Like his teacher, Fersman devoted much of his time and effort to the estab- 
lishment of the so-called clartks—numbers expressing the relative content of 
the individual elements in the earth’s crust. Of prominent interest are his inve=- 
tigations of the occurrence of the elements in earth's crust in relation to their 
position in Mendeleyev's Periodic Table. Fersman did a great deal by way of 
exploration and study of the mineral wealth of the U.S.S.R. and discovered a 
number of deposits of most valuable minerals. 


The conception “rare element” should not be regarded as estab- 
lished once and for all. Growth of the demand for special steels and 
alloys due to the rapid development of machine building, electrical 
engineering and transport, as well as continuous progress in the 
methods of mining and extraction of minerals, make many “rare” 
elements well known and accessible. For instance, a few decades ago, 
aluminium and magnesium, now widely used metals, were considered 
rare elements and were very expensive. 

To characterize the abundance of the elements in the earth's 
crust Fersman introduced the concept of atomic percentage, i.e., the 
percentage content of the atoms of elements in the earth’s crust. 
The atomic percentage and percentage by weight of the same element 
are different figures. For instance, by the number of its atoms in 
the earth's crust hydrogen comes third among the elements (15.6 
per cent), but is ninth by weight (1 per cent). 


Alexander Yevgenyevich Fersman 
(1883-1945) 


The following elements play an especially important part in the life 
of plants and animals: carbon, oxygen, hydrogen, nitrogen, sulphur, 
phosphorus, chlorine, silicon, potassium, calcium, magnesium and 
iron. 

17. Determination of Molecular Weight of Gaseous Substances. 
Avogadro’s Law is the underlying principle of a very important 
method of determining the molecular weights of gaseous substances. 
But before turning to this method, a few words should be said about 
the units in which molecular and atomic weights are expressed. 

At first the accepted unit for calculating atomic weights was the 
hydrogen atom, it being the lightest of all the elements; the atomic 
weights of the rest of the elements were referred to that of hydrogen. 
But since the atomic weights of most of the elements were determined 
from their oxygen compounds, the calculations were actually made 
in relation to the atomic weight of oxygen, which was considered to 
equal 16. The relation between the atomic weights of oxygen and 
hydrogen was accepted as equal to 16: 1. Subsequently, more precise 
investigations showed this relation to be 15.88: 1 or 16 : 1.008. 
Therefore, if the atomic weight of hydrogen were considered equal 
to 1, the atomic weight of oxygen would be 15.88. But for practical 
reasons it was resolved to leave the atomic weight of oxygen equal 
to 16 and accept 1.008 as the atomic weight of hydrogen. 

Thus, at present the atomic weight unit is /i16 of the weight of 
the oxygen atom. This unit is known as the oxygen unit. The weight 
of the hydrogen atom equals 1.008 oxygen units, that of the sulphur 
atom—32.06 oxygen units, etc. 
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The atomic weight of an element is the weight of its atom, expressed 
in oxygen units. 


Since the weight of a molecule of any substance equals the total 
weight of the atoms it consists of, molecular weights must obviously 
be expressed in the same units as atomic weights. For example, 
the weight of the hydrogen molecule, which consists of two atoms. 
equals 2.016 oxygen units; the weight of the oxygen molecule, also 
consisting of two atoms, is 32 oxygen units; the weight of the water 
molecule, which contains two atoms of hydrogen and one of oxygen. 
is equal to 16--2.016=18.016 oxygen units, ete. 


The molecular weight of a simple or complez substance is the weight 
of its molecule expressed in ozygen units. 


Now let us see how the molecular weights of gaseous substances 
can be determined. 

According to the Law of Avogadro, equal volumes of gases at the 
same pressure and the same temperature contain equal numbers of 
molecules. Hence, it follows that the weights of equal volumes of 
two gases should be to each other as their molecular weights. 

Take, for instance, one litre each of two different gases. Let there 
be N molecules in each volume. We denote the weight of one litre 
of the first gas by g, and of the second Eas by g;, and the molecular 
weights of the gases, respectively, by M and Mi. Since the weight 
of a litre of gas equals the total weight of the molecules in it, 


£=N.M, and g,=N-M, 
Dividing the first equation by the second, we get: 


or HF 
FARE (1) 


The ratio of the weight of a given gas to the weight of the same 
volume of another gas at the same temperature and pressure is 
called the density of the first £as with respect to the second. Thus. 
for instance, if 11. of carbon dioxide weighs 1.98 gr., and 11. of 
hydrogen under the same conditions weighs 0.09 gr., the density of 
carbon dioxide with respect to hydrogen will be 1.98 : 0.09=22. 

Denoting the gas density by D, we may rewrite equation (1) as: 


M 
DE 
hence 
M=D.1H, (2) 


The molecular weight of a gas is equal to ils density with respect to 
another gas multiplied by the molecular weight of the latter. 
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The densities of various gases are determined very often. with 
respect to hydrogen, as the lightest of all gases. Since the molecular 
weight of hydrogen is 2.016, the formula for calculating molecular 
weights then becomes: 


M=2.016.D 


or, rounding off the molecular weight of hydrogen to 2: 
M=— 2-0 


Using this formula, for instance, to calculate the molecular weight 
of carbon dioxide, the density of which with respect to hydrogen 
is 22, as was indicated above, we find: 


M=2.22=44 


The molecular weight of a gas is often calculated also from its 
density with regard to air. Although air is a mixture of several gases, 
Still, we can speak of the mean molecular weight of air determined 
from the density of air with regard to hydrogen. The molecular weight 
of air found in this way equals 29. 

Denoting the density of the gas in question with respect to air 
by D,, we get the following formula for calculating molecular weights: 


M=29.D, 


It is useful to remember the number 29 which is often employed 
in calculations. 

Practically, the determination of the molecular weight of a gas 
reduces to measurement of the weight and volume of a certain quan- 
tity of the gas in question to find its density, after which the molecular 
weight is calculated directly according to the formula. The density 
of the gas may be computed with respect to any other gas whose 
molecular weight and weight per unit volume are known. But since 
the weights of gases are given in handbooks at standard conditions, 
while in practice the weight and volume of the gas in question usually 
have to be measured under other conditions, the measured volume: 
of the gas has to be reduced to standard temperature and pressure 
(S.T.P.) (0°C and 760 mm. Hg) before the density of the gas can be 
calculated. 

The volume is reduced to S.T.P. by means of the following equation 
combining the gas laws of Boyle-Mariotte and Gay-Lussac:* 


_ Po‘voT 
PCOS, 


* Gay-Lussac's Gas Law dealing with the dependence between the volume 
and the temperature of a gas at constant pressure, should not be confused with 
Gay-Lussac’s Chemical Law mentioned above (see p. 42). In English and Ame- 
rican literature the former is more commonly known as Charles’s Law.—f7Zr. 
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where p. and v are respectively the pressure and volume of the gas 
under the conditions of the experiment; Po—the standard pressure; 
v—the volume of the gas at S.T.P.; 7—the absolute temperature 
of the gas. 

Solving this equation for vo, we get a formula for calculating the 
volume of a gas at 0°C and 760 mm. Hg: 


_ P0273 
ji PT 


Example of calculation of molecular weight. It was found by experiment 
that 880 ml. of a gas at 27° C and 800 mm. Hg welhel 0.455 gr. Find the mole- 
cular weight of the gas if 1 1. of air at S.T.P. weighs 1.293 gr. 

Reducing the volume found to S.T.P. we get: 

_ 800-380-273 
= 60. (2757-27) 
Now we find the weight of 1_1. of this gas (g) at S.T.P.: 


_0.455-1,000 
HE UBOL 


Since 1 1. of air weighs 1.293 gr., the density of the gas in question with respect 
to air 1.25 


Di= T5097 


= 364 ml. 


=1.25 gr. 


and the molecular weight 
M=29.0.97 =28 


It should be noted that determination of the molecular weight of 
8 gas by the above method requires no knowledge whatsoever of the 
chemical composition of the gas; but its density has to be known. 

18. Gram-Molecular Volume of a Gas. The molecular weight of a 
fas can be calculated in another, simpler way. This method is based 
on the conception of gram-molecular volume of a £as. 

Besides the gram, another specifically chemical measure of quan- 
tity of substance is used in chemistry; this measure is called the gram- 
molecule or mole, for short. 

A gram-molecule is a quantity of a substance, the weight of which 
in grams is numerically equal to the molecular weight of the substance. 

For instance, a gram-molecule of hydrogen weighs 2 grams (approxi- 
mately), a gram-molecule of oxygen—32 gr., one of water—18 BT. 
etc. Similarly, a gram-atom is the quantity of an element, the weight 
of which in grams numerically equals the atomic weight of the ele- 
ment. For example, a gram-atom of oxygen weighs 16 gr., a gram- 
atom of hydrogen—1 gr., etc . 

From the definition of the gram-molecule it follows that the number 
of molecules in a gram-molecule (mole) of any substance must always 
be the same. Indeed, suppose one mole of hydrogen (2 gr.) contains 
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n molecules, i.e., n molecules of hydrogen weigh 2 gr. Since the oxygen 
molecule is 16 times as heavy as that of hydrogen, obviously, the 
weight of n molecules of oxygen should be 2 x 16 = 32 gr., or one 
mole of oxygen. For the same reason n molecules of water should 
weigh 18 gr., which makes one mole of water, etc. In other words, 
gram-molecules of various substances, though they differ in weight in 
the majority of cases, contain equal numbers of molecules. Tt is clear 
that gram-atoms of all the elements also contain equal numbers 
of atoms. 

At present the number of molecules in one gram-molecule has 
been determined quite accurately (see p. 78). It equals 6.02 > 10%, 

According to Avogadro's Law, an equal number of molecules of 
any gas occupies an equal volume under identical conditions. Hence 
it follows that the gram-molecules of all substances in the gaseous 
state occupy equal volumes provided their temperatures and pressures 
are the same. There is no difficulty in calculating the volume occu- 
pied by one mole of gas at S.T.P. Forinstance, it was established 
by experiment that 1 1. of oxygen at S.T.P. weighs 1. 429 gr. There- 
fore, the volume of one mole of oxygen (32 gr.) under the same con- 
ditions will be equal to 32 : 1.429 = 22.4 1. We should have obtained 
the same figure, had we calculated the volume of one mole of 
hydrogen, one mole of carbon dioxide, etc. 

A gram-molecule 0f any gas at S.T'.P. occupies a volume of 22.4 U. 

‘This volume is called the gram-molecular or molar volume of a gas. 

Using the molar volume* we can easily calculate the molecular 
weight of gaseous substances. To do so, it is necessary only to find 
how many grams 22.41. of the substance in question weigh in the 
gaseous state at S.T.P. The result will be the molecular weight. 

Example. 0.7924 gr. of chlorine occupies 250 ml. at 0° C and 760 mm. Hg. 
What is the molecular weight of chlorine? 

‘The weight of 22.4 1. (22,400 ml.) of chlorine can be found from the proportion 

250:22,400 = 0.1924 : + 
2 400.0702 

200 07004 yy Gr. 
Therefore, the molecular weight of chlorine is 71. 


Asin calculating molecular weights by gas densities, calculations 
based one the molar volume become a little more complicated if the 
temperature and pressure of the gas differ from the standard values. 
In such cases the equation 


P= (1) 


Hence, £= 


must be used. 


* The exact value of the molar volume is 22.414 1., but in practical calcula- 
tions it is usually considered 22.4. 1. 
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This equation, combining the laws of Boyle-Mariotte and Gay- 
Lussac, was first deduced by Clapeyron (1834). The value of the 
factor 3 in the equation depends both on the mass of the gas 
in question and on its nature; the value of vo is different for equal 
masses of different gases. 

If, however, this equation is referred to the quantity of gas equal 


to one gram-molecule, the factor Er acquires a quite definite value, 


equal for all gases, since a gram-molecule of any gas at 0°C and 
760 mm. Hg occupies the same volume. In this case the value Er 
is the universal gas constant and is denoted by the letter R. Intro- 
ducing the denotation R in equation (1), D. Mendeleyev obtained 
the following equation in 1876, referring to one gram-molecule of 
Eas: 

P= RT (2) 


In this form expression (2) is called the equation of state of a gas. 

The numerical value of the gas constant R depends on the units 
used for the pressure and the volume. If po is in atmospheres and vo 
in litres we get: 


pode 1.22.4 l..atm. 
R= 273 273 909% deg. 


In chemical computations the pressure is usually expressed in 
millimetres Hg, and the volume in millilitres. Then 


760.22 ,400 ml..mm. Hg 
ebb el bated [= = 5 3 ee 
R নন 62,400 a 


Since equation (2) refers to one gram-molecule of gas, then denoting 
the molecular weight of the gas by M, we get for one gram of gas: 


p= RT (3) 
and for m grams of gas: 
m 
P= RT (4) 


Equation (4) makes it possible to calculate the molecular weight 
of a gas if the weight, Volume, temperature and pressure of a definite 
amount of the gas are known. 


Example. 304 ml. of a gas at 25° C and 745 mm. Hg weigh 0.78 gr. Find 
the molecular weight of the gas 
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Substituting the values ‘given in the problem into equation (4) and 
putting R=62,400, we get: 
0.78 


745.304 EH TRE 62,400 (273 +25) 


0.78.62,400.298 _ 
745-307 = 


M= 

It should be noted that molecular weights determined by the 
above methods are not quite accurate. Besides the experimental 
error, the accuracy of the results is affected by the fact that all gases 
and vapours deviate somewhat from the laws of Boyle-Mariotte and 
Gay-Lussac. Molecular weights are determined more precisely on the 
basis of careful analyses of the compounds in question, as will be 
discussed below. 

19. Partial Pressure of a Gas. In determining the molecular weights 
of gaseous substances it is very often necessary to measure the volume 
of gases collected over water, in which case they are saturated with 
water vapour. When ascertaining the pressure of such a gas it is 
necessary to make corrections for the partial pressure of the water 
vapour. 


The partial pressure 0f a gas is the part of the total pressure exerted 
Gy a gaseous mizture, which is due to the gas in question. 


It should be remembered that the pressure of a gas at constant 
temperature depends only on the number of molecules contained in 
@ unit volume of the gas. Therefore, in a mixture of different gases, 
evenly distributed throughout the entire volume of its container, 
each gas exerts the same pressure as if it alone occupied the container. 
Suppose, for instance, that 250 ml. of hydrogen and 750 ml. of nitro- 
gen are placed in an empty vessel with a capacity of 1 1., each of the 
gases having been under a pressure of 1 atm. before mixing. If we 
first let only the hydrogen into the vessel, its pressure will decrease 
fourfold due to the fourfold increase in its volume, and will become 
1/, atm. The subsequent introduction of nitrogen will not change 
the number of molecules of hydrogen in the vessel, and therefore 
will not change its pressure, which will remain ‘/, atm. This pressure 
is the partial pressure of the hydrogen in the mixture. 

In its turn, the nitrogen upon being let into the vessel will increase 
in volume from 750 ml. to 1,000 ml., and the pressure it exerts will 
become ‘/stimes less than before mixing. In other words, its partial 
pressure will be 8/; atm. The total pressure of the gaseous mixture 
will obviously be 1 atm., i.e., the sum of the partial pressures of the 
Separate gases. Thus the partial pressure of a gas in a mizture equals 
the pressure it would exert if it alone occupied the volume of the whole 
nizture. 
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Suppose we collected 570 ml. of moist gas over water at a tem pera- 
ture of 15°C and a pressure of 780.8 mm. Hg. This pressure is the 
sum of two values, namely, the partial pressure of the gas itself 
and that of the saturated water vapour. The latter has a definite 
value for each temperature; in particular, at 15° Cit equals 12.8 mm. 
Hg. Hence, the partial pressure of the gas in this case equals 
780.8 — 12.8 = 768 mm. To reduce the measured volumes of the gas to 
S.T.P. we substitute its partial pressure (768 mm.) and not the total 
pressure (780.8 mm.) into the formula: 

___168.570.273 
“0 160. (2734-15) 

Not taking into account the 
correction for the moisture content, 
we should have obtained instead: 

_ 780.8.570. 
°° T60-(278+15) 

The error is 9.1 ml., i.e., about 1.5 
per cent, which is tolerable only in 
very rough calculations. 

20. Determination of Molecular 
Weight of Vapours. On the basis of 
Avogadro’s Law we can determine the 
molecular weights not only of gases, 
but of all substances which pass 
into the gaseous state (without de- 
composing) when heated. For this 
purpose a certain quantity of the 


=546 ml. 


v = 555.1 ml. 


Fig. 4. Apparatus for deter- 
mining molecular weight of 
Va pours: 
1—glass tube; 2—flask used as 
steam bath; $—gas delivery tube; 
4—dish; 5—rubber sleeve; 6— 
lass rod; 7—test tube with speci- 
men; 8—measuring tube. 


‘The molecular weights of the 
lids can be determined convenie! 


Substance under investigation is con- 
verted to vapour and the weight, 
volume, temperature and pressure of 
the latter are measured. Then the 
molecular weight is calculated as in 
the case of gases. 


vapours of liquids or of easily volatilized so- 
ntly with the apparatus shown in Fig. 4. 


‘The Fd reli consists of a long glass tube, 1, with a bulb on its end, 


inside a g 


ass flask 2, containing a liquid which boils at a temperature high 


enough to vapourize the substance under investigation. Tube 1 is stoppered 
at the top an a bent gas delivery tube 8 is fused into its upper part. The other 
end of tube 3 is under the surface of the water in dish 4. A short glass arm is 
fused into the wall of tube / opposite tube 3 and contains a glass rod 6 in a rub- 
ber sleeve 5. The rod supports a tiny test tube (ampule) 7 containing the BADPIe: 

ing 


The liquid in the flask 2 is heated to boilin: 


the air in tube 7 expandi 


and being partly expelled through tube #8 as bLBDLes. When the stream of air 
bubbles ceases, indicating that the temperature has become constant, a measur- 
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ing tube (eudiometer) & filled with water is brought over the end of tube 8. 
Then, by slightly withdrawing the glass rod 6, the test tube holding the precise- 
ly weighed sample is allowed to fall to the bottom of tube 1, containing some 
mercury to protect the bottom from the impact. The substance vapourizes and 
its vapours displace a certain volume of air into the measuring tube where it 
acquires room temperature. There is no need to know the temperature at which 
the substance vapourized, since the volume of air in the measuring tube equals the 
volume which the vapours of the substance would occupy at room tem perature 
if it could be vapourized at that temperature. The thin value determined by 
the experiment is the pressure of the imaginary vapour, which is equal to the 
pressure of the air in the measuring tube. This value is found by subtracting 
the pressure of the water column in the tube from the pressure of the atmosphere. 


21. Kinetic Theory of Gases. At present the Law of Avogadro can 
be deduced theoretically from the so-called Kinetic Theory of gases. 
The deduction is not given here, as it can be found in any textbook 
of physics. We shall discuss only the essence of the theory, which gives 
an excellent explanation of many of the properties of gaseous sub- 
stances. 

One of the most remarkable properties of gases is their easy com- 
pressibility. Any gas can be compressed to a very great extent. Thus, 
for instance, the volume of oxygen taken at ordinary conditions 
can be decreased 200-fold and more by means of pressure. Hence 
it follows that the molecules of gases are separated from one another 
by large spaces, and when we compress the gas we only decrease 


the free space between them. Calculations show that the volume of 
1 


the molecules proper is only from ন to T00 of the total volume 
occupied by the gas at S.T.P. 

The molecules of a gas are in constant motion; they move in 
straight lines in all directions. The motion of the molecules accounts: 
for diffusion, as well as the tendency of gases to occupy the greatest 
possible volume. 

When a gas is enclosed in a vessel of any kind, its molecules in 
their motion keep constantly striking against the walls of the vessel 
and thus cause what we call the pressure of the gas. 

Let a certain volume of gas be enclosed in a cylinder under a piston. 
Moving in all directions, the molecules of the gas strike against the 
walls of the cylinder and against the piston. Suppose the piston 
receives 500 impacts per second. If we move the piston down to the. 
middle of the cylinder we thereby halve the space occupied by the: 
molecules. The number of molecules per unit volume will now be 
twice as large; therefore the piston will now be receiving 1,000, and 
not 500 impacts per second; hence, the pressure will be doubled. 
If we decreased the volume threefold, then, reasoning along the 
same lines, we should come to the conclusion that the pressure should 
increase threefold, etc. This throws light on the experimentally 
established Law of Boyle and Mariotte, according to which the 
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Pressure of a given mass of gas at constant temperature is in inverse 
proportion to the volume occupied by the gas. 

When a gas is heated the velocity of its molecules increases, and 
‘therefore their kinetic energy, equal to one half the product of the 
mass by the velocity squared, also increases. Hence, the force of the 
impacts of the molecules against the walls of the vessel becomes 
greater, and the pressure of the gas increases. 

One of the chief conclusions of the Kinetic Theory says that the 
molecules of all gases at the same temperature possess the same mean 
hinetic energy. This means that as the mass of the molecule changes, 
its velocity changes in such a way that the product of the mass by 
the velocity squared remains constant. Therefore, the pressure of a 
as at a given temperature, stipulated by the impacts of its molecules, 
depends on the number of molecules per unit volume of the gas, 
but does not depend on the mass of the molecule, i.e., on the nature 
of the gas. 

If we denote the masses of the molecules of two gases by m: and 
“2, and their respective mean velocities by v, and v2, then, on the 
basis of the foregoing, we may write: 


m, dB v2 (1) 
2 2 
hence, 
EET (2) 
vs Vm; 


d.e., the mean velocities of molecules are inversely proportional to the 
square roots of their molecular weights. 

The Kinetic Theory makes it possible to calculate the mean veloc- 
ity of molecules. This velocity is very high and differs for different 
gases. Thus, at 0° C the hydrogen molecule moves at an average rate of 
1,695 m. per sec., that of oxygen at 430 m. per sec., etc. 

Convincing proof of the difference in the velocities of the molecules 
of different gases can easily be obtained by performing the following 
‘experiment. The apparatus needed for the experiment is shown in 
Fig. 5. A porous clay cylinder is closed tightly by means of a stopper 
‘carrying a glass tube which connects the cylinder with a double- 
necked bottle containing some water. A glass tube reaching down 
almost to the bottom of the bottle is inserted through the other 
neck. If we cover the clay cylinder with an inverted beaker prelimin- 
arily filled with hydrogen, the latter immediately begins to diffuse 
into the air, and the air into the hydrogen. But owing to their greater 
velocity the hydrogen molecules penetrate into the cylinder faster 
than the heavier molecules of oxygen and nitrogen can leave it. 
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As a result, the pressure within the cylinder and the doublenecked 
bottle increases and the water begins to fountain out of the bottle. 

22. Determination of Atomic Weights. Dalton first attempted to 
determine atomic weights by analysing various compounds of the 
elements with hydrogen. However, to calculate the atomic weight 
from the data of analysis, the number of atoms of each element in the 
compound analysed had to be known. Dalton did not know these 
numbers, and for that reason many of the 
atomic weights he calculated turned out 
afterwards to be incorrect. 

When in 1811 Avogadro suggested his | 
hypothesis concerning the equality of the | 
number of molecules in equal volumes of 
gases, he at the same time pointed out a 
method of determining the atomic compo- 
sition of molecules of simple gases. A f 
study of interacting volumes in reactions \ 
involving hydrogen, oxygen, nitrogen and i [MM 
chlorine showed that the molecules of 
these gases are diatomic. Hence, the atomic 
weight of any of the gases mentioned could 
be found directly by determining its mo- PB 
lecular weight and dividing it by two. For | 
instance, the molecular weight of chlorine 
was found to be 71; hence, it followed that 
the atomic weight of chlorine equalled 


Hydrogen 


71 fe 
ন = 35.5. Fig. 5. Apparatus for 


2 দা ৰ PETS rust 
Another method of determining atomic STO Ly dL ohn VG 


weights, which found wider application, was 
suggested in 1858 by Cannizzaro. According 
to this method, the molecular weights are first found for the greatest 
possible number of gaseous or volatile compounds of the element 
in question by their vapour densities. Then the number of weight 
(oxygen) units of the element in the molecule of each of the compounds 
is calculated from the results of analysis of the same compounds. 
The smallest of the numbers found is accepted as the atomic weight. 
To illustrate this method, we shall employ it to determine, for 
example, the atomic weight of carbon. Table 5 gives the molecular 
weights of a number of carbon compounds and the percentage content 
of carbon in each of them. The last column of the table shows the 
quantity of carbon in the molecule of each of the compounds as 
calculated from the percentage composition. f 
The least weight of carbon in the molecules of the compounds in 
Table 5 equals 12. Hence, it is clear that the atomic weight of carbon 
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Table 5 

arbon Number of oxygen 

Compouna EAE IEE 
Carbon dioxide . 44 27.27 12 
Carbon monoxide . 28 42.86 12 
ACAtYlENG, sn et A LM INL RS 26 92.31 24 
Carbon disulphide... 76 15.76 12 
Benzene, SI a Se 18 92.31 72 
Ethyl othene td 74 64.86 48 
ACCLONBVAREIN 5AM 58 62.07 36 
Naphthalene .. 128 93.75 120 


cannot be greater than 12 (for instance, it cannot be 24 or 36). 
Otherwise, it would have to be assumed that the molecules of carbon 
dioxide, carbon monoxide and carbon disulphide contain a fraction 
of an atom of carbon. On the other hand, there are no grounds to 
assume the atomic weight of carbon to be less than 12. Twelve oxygen 
units is the smallest quantity of carbon contained in any of its known 
compounds. In chemical reactions this quantity passes from one 
molecule to another without dividing. All the other quantities of 
carbon are whole multiples of 12; therefore, this number is the atomic 
weight of carbon. 

The above method of determining atomic weights has a short- 
coming. The authenticity of the atomic weight found depends on 
the number of compounds of the element investigated. The more 
compounds investigated, the smaller the probability that any com- 
pound will be found containing a fraction of the accepted atomic 
Weight in its molecule. Besides, Cannizzaro’s method can be used to 
find the atomic weights only of elements which form gaseous or 
easily volatilized compounds. But most metals do not form such 
compounds. Therefore, in determining the atomic weights of metals, 
another method was used in its time, based on the relation between 
the atomic weight of the element and the specific heat of the 
corresponding simple substance in its solid state. 

In 1819, determining the specific heats of various metals, the French 
scientists Dulong and Petit found that the product of the specific 
heat of a simple substance (in the solid state) by the atomic weight 
of the corresponding element is approximately the same for most 
elements and averages 6.3. Since this product is the amount of heat 
needed to raise the temperature of one gram-atom of the element 
one Centigrade degree, it is called the afomic heat. This relationship 
is known as the Rule of Dulong and Petit. 
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The atomic heat of the elements equals approzimately 6.8. 

Table 6 illustrates this Rule. 

From the Rule of Dulong and Petit it follows that the atomic 
weight of an element can be found approximately by dividing 6.3 
by the specific heat of the corresponding simple substance, a value 
which can be easily determined by experiment. 

The above methods of determining atomic weights do not give 
quite accurate results; the accuracy of determination of the mole- 
cular weight by the vapour density is rarely above 1 per cent while the 
Rule of Dulong and Petit permits determination of the atomic weight 
only approzimately. However, the atomic weight found by one of 
these methods can easily be corrected by comparing it with the 
equivalent weight of the element. 


Table 6 
Specific Heats of Some of the Elements 
5 t 
Bement Ae | sree | Atote 
Magnesium ee 24.3 0.248 6.0 
00 sgt en SECA Pod 32.0 0.175 5.6 
TON a geen AT HUBS IEDE IS 55.8 0.112 6.9 
Copper Leone oil ect) 63.6 0.095 6.0 
bi ire EE. > SCAM: tS 65.4 0.093 6.1 
Le Pt MEU OG LS He cP 118.7 0.054 6.4 
TONE re Sad os ted 4) ABS 126.9 0.052 6.6 
Lt i) ot TEN BEN ED 197.0 0.031 6.1 
lL FT We HTP TESS EYEE 207.2 0.031 6.4 


The equivalent weights of the elements can be found very accurate- 
ly from the data of analyses of various compounds. There is a definite 
relation between the equivalent and atomic weights of an element, 
viz.: the atomic weight of an element is always a multiple of its equiv- 
alent weight, i. e., either equals the equivalent weight oris a whole 
number of times greater than it. This relation follows directly from 
the atomic theory and the definition of “equivalent weight.” Indeed, 
if the atom of an element can combine with or displace only one atom 
of hydrogen weighing 1.008 oxygen units, the equivalent weight of that 
element, obviously, equals its atomic weight. But if an atom of the 
element combines with two or more hydrogen atoms, its atomic 
and equivalent weights cannot coincide; however, the latter will 
infallibly be a whole number of times smaller than the atomic weight. 
For example, the equivalent weight of oxygen (8) equals one half 
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of its atomic weight, since the oxygen atom combines with two 
hydrogen atoms, that is, 16/, parts by weight of oxygen combine 
with 1.008 parts by weight of hydrogen. The equivalent weight of 
aluminium, the atom of which displaces three hydrogen atoms, 
equals ‘/s of the atomic weight of aluminium, etc. 

Thus, to find the equivalent weight of an element we must divide 
its atomic weight by the number of hydrogen atoms that can combine 
with or be displaced by that element. The divisor in this case is the 
valency of the element; hence it follows that the equivalent weight 
of an element equals its atomic weight divided by its valency: 


atomic weight 


equivalent weight = valency 


Using this relation we can easily establish the exact atomic weight 
of an element if we know its approximate atomic weight and equiva- 
lent weight. For this purpose we first find the valency of the element 
by dividing the approximate atomic weight by the equivalent weight. 
Since the valency is always a whole number, we round the quotient 
to the nearest whole number. Then we find the exact value of the 
atomic weight by multiplying the equivalent weight by the valency. 


Example. The equivalent weight of indium equals 38.25; its specific heat 
is 0.053. Find the exact atomic weight of indium. 
First of all, applying the Rule of Dulong and Petit, we find the approximate 
atomic weight of indium: 
6.3:0.053 =118.9 


Then, dividing the approximate atomic weight by the equivalent weight, 
We find the valency of indium: 


118.9:38.25 =3.1, or, roundly, 3 


AEE the equivalent weight by the valency we get the exact atomic. 
weight of indium: 


38.25.3= 114.75 


There are other methods of determining atomic weights besides 
those just described. Some of them will be dealt with in the following 
chapters. 

23. Chemical Symbols. Our modern system of chemical symbols 
Was introduced into science in 1813 by Berzelius. He Suggested de- 


(Sulfur) by S, potassium (Kalium) by K. When the names of several 
elements begin with the same letter, ont the subsequent letters is 
added to the initial one. Thus, for i alice, carbon (Carboneum) 
has the symbol C. calcium (Calcium), the symbol Ca, copper (Cup-- 
rum), the symbol Cu, etc. 
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Chemical symbols are not merely abbreviated names of the ele- 
ments, but have a definite quantitative meaning as well. Each symbol 
denotes either one atom of the element or a weight of the element 
numerically equal to its atomic weight. Thus, O denotes either one 
atom or 16 parts by weight of oxygen, Cl—either one atom or 35.5 
parts by weight of chlorine, etc. 

Combining chemical symbols, we get the chemical formulas of 
various complex substances. Just as the symbol of an element 
represents its atom, so the formula of a substance represents either 
one molecule or a weight of the substance numerically equal to its 
molecular weight. For instance, the formula Hs0 stands for either 
one molecule or 18 parts by weight of water. 

Simple substances are also denoted by formulas which show how 
many atoms the molecule of the simple substance consists of. For 
example, the formula of hydrogen is Hs. If the atomic composition 
of the molecule of the simple substance is unknovn, it is designated 
by the simplest possible formula, i. e., simply by the symbol of the 
element. 

Thus, the symbols of elements and the formulas of substances are 
employed in chemistry for two purposes: 1) to designate atoms or 
molecules and 2) to denote weights corresponding to atomic or mo- 
lecular weights. When we express reactions by chemical equations 
the symbols and formulas stand for the atoms and molecules of the 
reacting substances, and in all chemical calculations they stand for 
weights proportional to their atomic and molecular weights (usually 
gram-atoms and gram-molecules). 

24. Derivation of Chemical Formulas. To derive the formula of a 
complex substance the elements it consists of, and the proportions 
by weight in which they are combined, must first be determined by 
analysis. Usually the composition of a complex substance is expressed 
as percentages, but it may be expressed in numbers of any other 
kind showing the proportion between the weights of the constituent 
elements in the substance. For example, the composition of aluminium 
oxide, which contains 52.94 per cent aluminium and 47.06 per cent 
oxygen, is quite defined if we say that the aluminium and oxygen 
have combined in a ratio by weight of 9: 8, i. e., that there are 8: 
parts by weight of oxygen for every 9 parts by weight of aluminium. 
Of course, the ratio 9 : 8 must equal the ratio 52.94 : 47.06. 

Knowing the composition by weight of the complex substance and 
the atomic weights of the elements forming it, we can easily find 
the relative number of atoms of each element in the molecule of the 
Substance, and thus establish its simplest formula. 

Suppose, for instance, vist, to derive the formula of calcium 
chloride, which contains 36 per cent calcium and 64 per cent chlorine. 
The atomic weight of calcium is 40 and that of chlorine 35.5. 
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Let the number of calcium atoms in the calcium chloride molecule 
be z and the number of chlorine atoms be y. Since an atom of calcium 
weighs 40, and an atom of chlorine 35.5 oxygen units, the total 
weight of calcium atoms in the calcium chloride molecule will be 
40 2, and the weight of the chlorine atoms 35.5 y. The ratio of these 
numbers, obviously, must equal the ratio of the weights of calcium 
and chlorine in any quantity of calcium chloride. But the latter ratio 
is 36 : 64. 

Egquating both ratios we get: 


402: 35.5y = 86:64 


Then we free the unknowns z and y of their coefficients by dividing 
the first terms of the proportion by 40 and the second by 35.5: 


== C 2 =0.9:1.8 

The numbers 0.9 and 1.8 express the relative number of atoms 
in the calcium chloride molecule, but they are fractions, whereas 
a molecule can contain only a whole number of atoms. In order to 
express the ratio 2 : y by two integers, we divide both terms of the 
second ratio by the smaller of them and obtain: 


EDD 


Therefore, there are two chlorine atoms in the calcium chloride 
molecule for each atom of calcium. This condition is satisfied by a 
Whole series of formulas: CaCls, CazCl,, CasCle, etc. Since we have 
10 data to tell which of the above formulas corresponds to the actual 
atomic composition of the calcium chloride molecule, we select the 
simplest of them, CaCl, which indicates the smallest possible number 
of atoms in the molecule of calcium chloride. 

However, if the molecular weight of the substance is known 
besides its composition by weight, there can be no arbitrariness in 
selecting its formula. In this case there is no difficulty in deriving the 
formula which expresses the true composition of the molecule. 

Consider the following example. 

Analysis showed that glucose contains 4.5 parts of carbon, 0.75 
parts of hydrogen and 6 parts of oxygen by weight. Its molecular 
weight was found to equal 180. Derive the formula of glucose. 

As in the previous case, we first find the ratio between the number 
of atoms of carbon (atomic weight 12), hydrogen and oxygen in the 
glucose molecule. Denoting the number of atoms of carbon by 7, 
of hydrogen by y and of oxygen by z, wé write the proportion: 


12z7:y:16z=4.5:0.75:6 


) 
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hence, 


ALSO S UG 
tY:2=TI Ti 


= 0.875:0.75:0.875 


Dividing all three terms on the right side of the equation by 
0.375, we get: 


EYL 12:4 


Hence, the simplest formula of glucose would be CH20. But the 
molecular weight calculated according to this formula would be 30, 
whereas the actual molecular weight of glucose is 180, i.e., six times 
as large. Obviously, the formula of glucose should be CsH:+200. 

Formulas based not only on the data of analysis, but on determi- 
nations of the molecular weight as well, and showing the actual number 
of atoms in the molecule are called true or molecular formulas; 
formulas derived only on the basis of analytical data are called 
simplest or empiric formulas. 

Now that we are acquainted with the derivation of chemical formu- 
las, we can easily understand how exact molecular weights are estab- 
lished. As was mentioned above, the existing methods of determin- 
ing molecular weights do not in the majority of cases give quite 
accurate results. But if we know at least the approximate molecular 
weight and the percentage composition of the substance, we can 
establish the formula which expresses the atomic composition of its 
molecule. Since the weight of the molecule equals the total weight 
of the atoms in it, we can determine this weight in oxygen units, 
i.e., the molecular weight of the substance, by adding up the weights 
of the atoms constituting the molecule. The accuracy of the molecu- 
lar weight found in this manner will be the same as that of the atomic 
weights. 

The determination of the formula of a chemical compound can in 
many cases be greatly simplified by making use of the concept of 
valency of the elements. 

Tt will be remembered that the valency of an element is the property 
of its atoms to combine with or displace a definite number of atoms 
of another element. 

The valency of an element is defined as a number showing how many 
atoms of hydrogen (or any other univalent element) the element in 
question will combine with or displace. 

The more profound sense put into the valency concept by modern 
chemistry will be discussed in Chapter V. 

The valency concept pertains not only to individual atoms, but 
also to whole groups of atoms entering into the composition of 
chemical compounds and participating in chemical reactions as an 
integral whole. Such groups of atoms are known as radicals. The 
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most important radicals in inorganic chemistry are: 1) the hydroxy! 
radical OH; 2) acid radicals; 3) basic radicals. 

The hydrozyl radical results if one atom of hydrogen is removed 
from a water molecule. In the water molecule the hydroxyl radical 
is combined with one atom of hydrogen; hence, the OH group is 
univalent. 

Acid radicals are groups of atoms (or sometimes single atoms) 
of acid molecules which “remain” if one or several of the hydrogen 
atoms displaceable by metals are imaginarily removed. The valency 
of these groups depends on the number of hydrogen atoms removed. 
For instance, sulphuric acid yields two acid radicals, one of them 
bivalent, SO, and the other univalent, HSO,, forming part of various 
acid salts. Phosphoric acid, H3PO,, can give three acid radicals: 
trivalent PO;,, bivalent HPO, and univalent H2PO,;,, etc. 

Basic radicals is the term given to atoms or groups of atoms which 
“remain” if one or several hydroxyl radicals are imaginarily removed 
from molecules of bases. For instance, if we abstract hydroxyl radi 
cals successively from the molecule Fe(OH)s, we get the following 
basic radicals: Fe(OH), FeOH and Fe. Their valencies are determined 
by the number of hydroxyl groups subtracted from each: Fe(OH): 
is univalent, FeOH is bivalent and Fe is trivalent. 

Basic radicals, containing hydroxyl groups, are constituent parts 
of so-called basic salts. The latter may be regarded as bases in which 
some of the hydroxyls are replaced by acid radicals. Thus, if two of 
the hydroxyls in Fe(OH); are displaced by the acid radical SO;,, 
the basic salt FFOHSO , results; the result of replacing one hydroxyl in 
Bi(OH)s by the acid radical NO); is the basic salt Bi(OH)»NOs, etc. 

Knowledge of the valencies of individual elements and radicals 
makes it possible in simple cases to derive the formulas of a great 
many chemical compounds very rapidly, relieving the chemist of the 
necessity of memorizing them. 

Since the derivation of the Simplest formulas, namely those of 
oxides, bases and normal salts, is generally dealt with in detail in 
elementary chemistry, we shall confine Ourselves to a few examples 
in deriving the formulas of acid and basic salts. 


Example 1. Derive the formula of calcium bicarbonate, an acid salt of car- 
bonic acid. 

The composition of this salt must include calcium atoms and the univalent 
acid radicals HCO. Since calcium is bivalent, two acid radicals should be taken 
for each calcium atom. Therefore, the formula of the salt will be Ca(l!iCOs). 

Example 2. Derive the formula of basic copper carbonate, the basic vopper 
salt of carbonic acid. 

This salt must consist of univalent basic CuOH Tadicals and the bivalent acid 
radical CO. Therefore the formula of the salt is p 


(CuOH), CO; or Cus (OH), CO; 
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The rule for deriving formulas according to. valency becomes more 
vivid if the composition of the molecules is depicted by their so- 
called structural or constitutional formulas. The following are 
structural formulas of some of the simplest compounds: 


Cl ) O—H 
i 
Na—O0O—Na Ca Mg 
sodium oxide NX MN 
Cl O—H 
calcium chloride magnesium hydroxide 
H H—O [9) 
| SY 
H—C—H 3 
| NN 
H H—0O (0) 
methane sulphuric acid 


Structural formulas show not only which atoms the molecule of 
the compound consists of, but also how these atoms are linked 
together in the molecule. In many cases these formulas make it 
possible to explain various properties of the compound, to compre- 
hend the valencies of its constituent atoms, etc. ‘They play an espe- 
cially important part in organic chemistry, where substances often 
consist of very complex molecules. 

25. Using Formulas for Calculations. The chemical formula of a 
substance, made up of a few letters and figures, contains very much 
important information for the chemist. First of all, it shows directly 
what elements the substance consists of and how many atoms of 
each element its molecule contains. Then it permits a number of 
values characterizing the substance to be computed. The most im- 
portant types of calculations are given below. 

1. The molecular weight of the substance is calculated from the 
formula as the total weight of the atoms constituting its molecule. 
The accuracy of molecular weights so found was mentioned in the 
previous paragraph. 

2. The composition by weight of a complex substance. The composi- 
tion of any substance can be expressed as a ratio of the weights of its 
constituent elements. This ratio follows directly from the formula 
of the substance. For example, the formula of soda Na,COs3 shows 
that there is one atom of carbon and three of oxygen for every two 
atoms of sodium. Since the atomic weight of sodium is 23, and that 
of carbon and oxygen, 12 and 16, respectively, the ratio between 
the weights of these elements in any quantity of soda must be equal 
to: 

23.2:12:16.3 = 46:12:48 


The percentage composition of each element in any substance can 
be computed just as easily. 


5* 


6B Chapter II. Atoms and Molecules 


3. The density of the substance in the Easeous state. This computa- 


lion is made by means of the formula DT » Where D is the density 


of the substance, M its molecular weight and M,; the molecular weight 
of the gas with respect to which the density is being determined. 

4. The weight of 1 litre of gasat 0°C and 760 mm. pressure. A gram- 
molecule of any gas at S.T.P. occupies a volume of 22.4 1., hence, 
the weight (g) of 1 litre of gas under the same conditions will equal 
the gram-molecular weight (M) divided by 22.4: 


5. The volume occupied by any weight of gas. If the gas is taken 
at 0° C and 760 mm. pressure, the computation can be made very 
simply by proceeding from the gram-molecular volume. 

If, however, the gas is at other temperatures and pressures, the 
volume can be calculated according to the equation: 

HEIR f 
p= RT 

The same equation may be employed to calculate the weight of 
any volume of gas under any given conditions. 

26. Chemical Equations and Calculations Based on Them. According 
to the atomic and molecular theory, any chemical reaction consists 
in the molecules of one set of substances turning into the molecules 
of another set of substances composed of the same atoms as the 
reacting molecules. Knowing the molecular composition of the react- 
ing substances and of the substances formed as a result of the reac- 
tion, we can express any reaction by a chemical equation. 

A chemical equation is a short Way of recording a reaction by 
means of chemical formulas. In such an equation the formulas of 
the initial substances (reactants) are written to the left, and the 
formulas of the reaction products (resultants), to the right of the 
equality sign. Since the total number of atoms remains unchanged 
in the reaction, the number of atoms of each element on the left 
and right sides of the equation should always be equal, provided 
the equation is written correctly. 

In order to write out the equation of a reaction, we must know 
precisely which substances react with each other, and which are 
Produced as a result of the reaction. A chemical reaction is an ex- 
pression of experimentally established facts. We cannot, after writing 
down the formulas of the reactants on the left side of the equation, 
rearrange them at our own discretion into new substances on the 
right side. 

If analogical reactions have been studied thoroughly, the products 
of the reaction can sometimes be predicted. It is known, for instance, 
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that when an acid reacts with a base or with the oxide of a metal, 
the result is always a salt and water, that the action of an acid on 
a salt usually leads to the formation of a new salt and a new acid, 
etc. However, even in these cases unexpected things are likely to 
spring up. Thus, the action of hydrochloric and dilute sulphuric 
acids on many metals leads to the liberation of hydrogen and the 
formation of salts of the metals taken, such as: 


Zn + HS0,= ZnSO, + He 


But if we were to write out a similar equation for the reaction 
between nitric acid and zinc, we would be making a gross mistake, 
because the action of nitric acid on metals does not, as a rule, lead 
to the liberation of hydrogen. This example shows that conclusions 
made “by analogy” are not always reliable and therefore should be 
avoided as far as possible. 

When writing equations it must always be kept in mind that we 
are not at liberty to alter the formulas of the substances to balance 
the number of atoms on the left and right sides of the equation. 
Equations can be balanced only by selecting the correct coefficients. 

Sometimes a reaction is recorded as an unbalanced equation, 
showing only which substances are the reactants and which the 
resultants of the reaction. In such cases the equality sign will be 
replaced by an arrow, showing the direction of the chemical trans- 
formation. For instance, the combustion of hydrogen sulphide can be 
represented schematically as follows: 


HS + 0, —~* H,0 + S0, 


In practice chemical equations are used for carrying out various 
calculations connected with the reactions they represent. We remind 
the reader that each formula in a chemical equation stands not only 
for the molecule, but for a definite weight of the substance as well, 
corresponding to its molecular weight, for instance one gram-molecule. 
By substituting the weights of the substances for their formulas we 
find the weight ratios of all the substances taking part in the reaction. 
For instance, the equation of the reaction of formation of water 
from hydrogen and oxygen may be interpreted as follows: 

2H SUMO; =  2Hi0 
2 moles 1 mole 2 moles 
2X2= 4g C32.gr. — 2X18=360r. 


It can be seen from the equation that 4 gr. of hydrogen combine 
with 32 gr. of oxygen to give 36 gr. of water.* 
* Of course the weights of the reacting substances may be expressed in 


other units besides grams, e.g., kilograms, tons, etc.; this does not alter the 
proportions by weight. 
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Having written out the equation of a reaction and having deter- 
mined by its means the gram-molecular weights of the reacting sub- 
stances, we can carry out all kinds of calculations needed to reproduce 
that reaction in the laboratory or in industry. 

When a reaction takes place between gaseous substances, its equa- 
tion gives an idea of the relative volumes of the reacting gases, besides 
their quantities by weight, as is evident from the following example: 


2 COMP ATO, = 2 C0, 
Weight of gases . . . . 56 gr. 32 gr. 88 gr. 
Volumes’ at S.T.P. . ... 44.81. 22.4 1. 44.8 1. 


(2 vol.) (1 vol.) (2 vol.) 


Therefore, if it is required in the problem to find the volume of gas 
taking part or formed in a reaction, there is no need to calculate 
its weight. The volume can be calculated directly from the equation 
of the reaction. 


Example. How many litres of oxygen can be produced by decomposing 100 gr. 
of potassium chlorate? 

Writing out the equation of the reaction, we put down under the formula of 
potassium chlorate its doubled molecular weight, and under the formula of oxy- 


gen, its volume in litres: 
2KCl0,=2K CI + 30, 
2.122.5 8.22.4 
245 gr. 67.2 1. 


Then, as usual, we write a proportion from which we find the 
volume directly, without calculating the weight of oxygen and then 
converting it to litres: 

_67.2.100 


5 :100 = tS T= — 
245:100 =67.2:2; = 55 


‘The volume found is, of course, at 0° C and 760 mm. Hg; if any other 
temperature or pressure is specified, a corresponding re-calculation 
must be made. 

27. Transformation of Energy During Chemical Reactions. Many 
chemical reactions, such as combustion, combination of metals with 
Sulphur or chlorine, neutralization of acids by alkalis, etc., are accom- 
panied by the evolution of considerable amounts of heat. Such reac- 
tions as the decomposition of calcium carbonate, the decomposition 
of mercury oxide and a number of others, on the contrary, require a 
continuous influx of heat, and stop immediately if heating is discon- 
tinued. Evidently, in these cases the chemical change is accompanied 
by absorption of heat. In some reactions light is emitted together 
with the heat. 

A thorough study of various chemical processes showed that chemi- 
cal change is always connected with the evolution or absorption of 
energy. These phenomena are an essential peculiarity of chemical 


== 27.4 1- 


27. Transformation of Energy During Chemical Reactions 71 


changes; in practice they are often more important than the formation 
of new substances which they accompany. For this reason we shall 
deal with the evolution and absorption of energy during chemical 
changes in greater detail. 

The evolution of energy in the form of heat upon the combination 
of various substances shows that these substances had already 
possessed a certain supply of energy in latent form before their com- 
bination. This form of energy, which is concealed in substances and 
“liberated” only during chemical transformations, is called internal 
or chemical energy. 


Fig. 6. Arrangement for demonstrat- Fig. 7. Arrangement for demon- 
ing transformation of chemical strating transformation of chemical 
energy into electrical energy into mechanical: 


1—bottle with zinc and sulphuric acid; 
2—bottle with water; .3—bladed wheel 


‘The liberation of chemical energy is connected with its transforma- 
tion into other forms of energy. Thus, for instance, when hydrogen 
combines with oxygen, the chemical energy of these substances is 
transformed into thermal energy and manifests itself as heat given off 
during the reaction. It is clear that the water formed no longer con- 
tains the same amount of energy as hydrogen and oxygen together 
before their combination. But this does not at all mean that there is no 
chemical energy left in the water. Water, in its turn, can react with 
other substances to evolve energy; hence, it still has a supply of chemi- 
cal energy. In general, during chemical transformations only part of 
the energy contained in the substances is liberated; we cannot exhaust 
all the chemical energy and do not know how large its supply is in 
various substances. By measuring the thermal effect of a reaction 
we can judge only of the change the supply undergoes. 

Very many chemical reactions are accompanied by the evolution 
of heat, as chemical energy is most readily transformed into thermal 
energy. The conversion of chemical energy into luminous energy is 
much rarer. Usually when light is emitted during chemical reactions 
the chemical energy is not transformed into light directly, but 
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through thermal energy. For instance, the emission of light during 
the combustion of coal is a result of the coal being brought to a high 
temperature by the heat evolved due to the reaction. The same 
effect can be obtained by heating the coal by purely physical means, 
for example, by passing current through the carbon filament of an 
electric light bulb. But there are also such processes, rare though 
they may be, in which chemical energy is transformed directly into 
luminous. These include the glow of phosphorus in the air, the glow 
Of rotten wood, etc. In all these cases the emission of light takes place 
without any perceptible rise in temperature. 

Chemical energy can also be transformed into electricity. To dem- 
onstrate this by experiment, two plates, one of platinum and one of 
zinc, are placed in a beaker with dilute sulphuric acid and their top 
ends are wired to a galvanometer (Fig. 6). The indicator of the gal- 
vanometer is immediately deflected, showing that an electric current 
is passing through the wire. At the same time bubbles of hydrogen 
escape from the liquid, while the zinc and Sulphuric acid are gradually 
used up. It should be noted that only the zinc and the Sulphuric acid 
undergo chemical change, the platinum remaining unaltered and 
Serving but as a conductor of electricity. 

Thus, under these conditions the chemical energy of zinc and sul- 
phuric acid is transformed into electrical energy. Under other condi- 
tions chemical energy can be transformed into mechanical. This can be 
easily demonstrated by means of the arrangement shown in Fig. 7. 
The bottle 7 contains sulphuric acid and a few pieces of zinc. The 
hydrogen generated by the reaction between the zinc and the sulphu- 
ric acid exerts pressure on the water in bottle 2 and forces it up the 
tube. The chemical energy of the zinc and the sulphuric acid in this 
Case is transformed into the bulk energy of a compressed gas, and the 
latter—into the potential energy of elevated water; if a bladed wheel 
is placed under the end of the tube, the water flowing out of the latter 
Et the wheel into motion, thus doing a certain amount of 
Work. 

When explosives decompose, their chemical energy also turns 
into mechanical energy—some of it directly, and some of it after 
first passing into thermal energy. 

Thus, the chemical energy liberated during chemical changes may 
Pass into thermal, luminous, electrical and mechanical energy. And, 
conversely, all these forms of energy can be transformed into chemi- 
cal. The most frequent case is the transformation of thermal into chem- 
ical energy. As we know, the decomposition of many substances 
requires continuous heating. The heat thus administered is absorbed 
during the reaction and transformed into the chemical energy of the 
decomposition products. Therefore, for instance, the mercury and 
Oxygen produced by the decomposition of mercury oxide, together 
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contain more chemical energy than the mercury oxide from which 
they originated. 

Some reactions of combination are also accompanied by the absorp- 
tion of heat. For instance, the production of nitric acid from air is 
based on the fact that at high temperatures nitrogen unites with 
oxygen, absorbing heat and forming nitric oxide, NO, which can then 
be converted into nitric acid. In this case the complex substance— 
nitric oxide—possesses a greater supply of energy than the simple 
substances nitrogen and oxygen from which it was formed. 

Electrical energy is transformed into chemical energy during the 
decomposition of substances by means of electricity. One of the exam- 
ples of such a transformation is the decomposition of water by elec- 
tricity. Many metals are obtained from their compounds nowadays 
in a similar way, as well as various chemical products, such as potas- 
sium chlorate, chlorine, caustic soda, etc. 

The transformation of luminous energy into chemical, accompany- 
ing the assimilation of carbon dioxide from the air by green plants, 
plays a very important part in nature. This process, which sustains 
all organic life on the earth, requires a continuous influx of energy 
from the outside. The energy is supplied by the sun’s rays, which are 
absorbed by plants and changed into the latent chemical energy of 
the substances formed in the plants. 

The decomposition of certain substances under the action of light 
is also accompanied by the absorption of luminous energy and its 
transformation into chemical energy. Thus, for example, silver chlo- 
ride or bromide can be kept in the dark practically indefinitely, but 
under the action of light they gradually decompose into their constit- 
uent parts, the silver forming minute black grains. ‘The use of silver 
chloride and bromide in photography is based on this fact. 

Since energy is absorbed or evolved during chemical changes most 
frequently in the form of heat, all reactions during which energy is 
liberated are called exothermal. Reactions in which energy is 
absorbed are termed endothermal. Accordingly, chemical compounds 
produced from simple substances with the evolution of energy are 
called ezxothermal, in contradistinction to endothermal compounds, 
during the formation of which energy is absorbed. Endothermal 
compounds are much rarer than exothermal; they form from simple 
substances only at high temperatures, contain a larger quantity of 
energy in comparison with the latter and decompose with relatively 
greater ease, i.e., are more or less unstable. On the contrary, exother- 
mal compounds usually form at low or moderate temperatures, are 
more stable and decompose with much greater difficulty than endother- 
mal compounds. 

From the Law of Conservation of Energy it follows directly 


that: 
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lf a certain quantity of heat is evolved (or absorbed) during the for- 
mation of a chemical compound from simple substances, the same quan- 
tity of heat will be absorbed (or evolved) upon the decomposition of that 
compound into its simple substances. 

Indeed, if more heat were evolved during the formation of a complex 
Substance than is expended on the decomposition of the same sub- 
stance, we could, by first uniting the simple substances and then de- 
composing the compound formed, obtain a certain heat surplus from 
nothing, which, according to the Law of Conservation of Energy, is 

* impossible. Hence, it is clear that the more the heat given off during 
the formation of a chemical compound, the more energy has to be 
expended to decompose it. That is why exothermal compounds are 
more stable and decompose with greater difficulty than endothermal 
‘compounds. 

28. Thermochemical Equations. The amount of heat evolved or 
‘absorbed during a reaction can be measured and included in the equa- 
tion of the reaction. All measurements are conventionally referred 
to gram-molecular quantities of the substances formed, since from a 
chemical standpoint only such quantities are comparable. 

The amount of heat evolved or absorbed during the formation of one 
#ram-molecule of a chemical conpound from its simple substances is 
called the heat of formation of the compound. For instance, the expres- 
sion “the heat of formation of water equals 68.4 Cal.” means that so 
‘many large calories are liberated upon the formation of 1 gram-mole- 
cule, i.e., 18 grams of water from 2 grams of hydrogen and 16 grams of 
‘0oXygen. 

Hf the heat of formation of a substance is indicated with a minus 
Sign, it means that during the formation of the substance heat is not 
evolved, but absorbed. For example, the heat of formation of nitric 
oxide equals —21.6 Cal. 

Chemical equations in which the quantity of heat evolved or ab- 
sorbed during the reaction is indicated are called thermochemical equa- 
tions. In such equations the chemical symbols and formulas always 
Stand for gram-atoms or gram-molecules, and the thermal effect of the 
reaction is usually expressed in large calories, having a plus sign if 
the reaction is exothermal and a minus Sign if it is endothermal. For 
‘instance, the thermochemical equation of the reaction of formation of 
‘water from hydrogen and oxygen is as follows: 


2H. 4-0, =2H,0 4136.8 Cal. 
H,+-L+ 0,= H,0 4 68.4 Cal. 
2 gr. 16 gr. 18 gr. 


This equation shows that the total internal energy contained in 
2 gr. of hydrogen and 16 gr. of oxygen is higher than that of 18 gr. 
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of water by a value equivalent to 68.4 Cal. Fractional coefficients are 
quite admissible before the formulas in thermochemical equations, 
as in this case the formulas denote gram-molecules, and not molecules. 

Unlike the formation of water, the formation of nitric oxide from 
nitrogen and oxygen is accompanied by absorption of heat and is 
expressed by the following thermochemical equation: 


1 


Eo 


N45 0:=NO — 21.6.Cal. 


In this case, as can be seen from the equation, the initial substances, 
nitrogen and oxygen, contain less energy than the nitric oxide they 
form. 

The thermal effects of other chemical reactions are recorded in a 
similar manner. For example, consider the thermochemical equation 
of combustion of acetylene, CsHs: 

i 


5 0, =200, + H.04-312.4 Cal. 


GLH, 412 

This equation shows that the combustion of acetylene is an exother- 
mal reaction and that 312.4 Cal. of heat are liberated when 1 gram- 
molecule of acetylene is burned. 

The thermal effect of each chemical reaction is a strictly definite 
value, which depends, however, on the physical states of the reac- 
tants and resultants. For instance, the heat of formation of water 
vapour equals 57.8 Cal., while that of liquid water is 68.4 Cal. The 
difference of 10.6 Cal. represents the latent heat of evaporation of 
water, evolved when the water passes from the gaseous into the liquid 
State.* 

In writing thermochemical reactions the physical state of the sub- 
stances is indicated by the following letters placed in parentheses 
after the formulas of the corresponding substances: (s)—solid, 
(1)—liquid, (g)—gas. For example: 


0 (8) 4-0, (g)= C0: (8) 497.7 Cal. 
H, (8) 4-5 0: (6) =H,0 (g) + 57.8 Cal. 


If there is no doubt as to the state of the substances the letters are 
omitted. 

Thermochemical equations reflect the changes taking place in 
substances during reactions more fully than ordinary chemical equa- 
tions. Besides indicating the reactants and resultants of the reaction, 
they give an idea of the energy transformations accompanying it. 


* The latent heat of evaporation is given for 25° C, since all the formation 
heat values also refer to this temperature. 
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29. Reality of Atoms and Molecules. The theory of atoms and 
molecules was of immense importance for chemistry, which began to 
make rapid progress under its influence and in a short time had 
achieved brilliant results. 

However, in the late XIX century, when this theory had already 
given such valuable results, there arose a reactionary trend which 
completely denied the very existence of atoms and molecules. Under 
the influence of the idealistic philosophy in Germany there appeared 
the so-called “energy" school of chemists headed by the prominent 
German scientist Ostwald. This school based its theoretical views 
on an abstract conception of energy, divorced from matter, Its adher- 
ents considered that all external phenomena could be attributed 
to processes taking place between energies, and categorically denied 
the existence of atoms and molecules, as particles inaccessible to 
direct sensual perception. 

Ostwald's energetics was one of the varieties of idealistic philo- 
sophical trends aimed against materialism in science. In divorcing 
energy, i.e., motion, from matter, in assuming the existence of non- 
material motion, Ostwald's followers tacitly admitted that our 
conscience, thought, senses exist independently, as something prima- 
ry, not connected with matter. They regarded chemical elements as 
various forms of chemical energy, and not as definite substances. 

‘The reactionary essence of Ostwald's teachings was brilliantly 
revealed by V. I. Lenin in his book “Materialism and Empiriocriti- 
cism." In Chapter V of this work, dealing with the connection between 
philosophical idealism and certain new trends in physics, Lenin 
dwells, among others, on the “philosophy” of Ostwald, proves its 
complete groundlessness and shows the inevitability of its defeat in 
the fight against materialism. 

Lenin not only completely revealed the idealistic basis of Ostwald 's 
arguments, but pointed out the internal contradictions in them as 
well. In advancing the philosophical idea of the existence of motion 
without matter, Ostwald rejects the objective existence of matter, 
but at the same time, as a physico-chemist, he himself treats energy 
materialistically at every step, leaning upon the Law of Conservation 
and Transformation of Energy. 

Soon the new striking discoveries of the beginning of the XX cen- 
ny 80 irrefutably proved the reality of atoms and molecules that 
at length even Ostwald was obliged to admit their existence. 

Among the experimental investigations devoted to the question of 
the existence of atoms and molecules, of especial interest are the 
works of the French physicist Perrin, who studied the distribution 
and movement of the particles of so-called suspensions. * 


® Sus Ons are systems consisting of liquids with minute solid particles 
suspended in them. 
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Perrin prepared a suspension containing particles of equal size 
visible under the microscope and investigated the distribution of 
particles in It. As a result of numerous experiments, carried out 
with extreme care, he proved that the vertical distribution of the 
suspension particles was in exact agreement with the Law of Vertical 
Decrease of the Concentration of Gases deduced from the Kinetic 
Theory of Gases. Thus, Perrin 
showed that suspensions are vir- 
tual models of gases; hence, in- 
dividual molecules exist also in 
Kases, only they are invisible 
owing to their minute size. 

Even more convincing were 
the results obtained by Porrin 
in observing the movement of 
the suspended particles. 

If a drop of aliquid with par- 
ticles suspended in itis observed 
undor a powerful microscope, 
it can be seen that the particles 
are not at rest, but keep moving 
incessantly in all directions, 
‘Their motion Is extremely unor- 
derly. If the path of a separate 
particle is tracod under the mi. [1 
croscope, the result is a very come bo le হ্‌ 
plex vigzag line showing the Fig. 8. Brownian movemont 
absence of any regularity in 
the movement of the particles (Fig. 8). This movemont may continue 
indefinitely without weakening or changing its charactor, 

The above phenomenon was discovorod in 1827 by the British 
botanist Brown and is called the Brownian movement, However, it 
found explanation only in the sixties following the development of 
the molecular-kinetie conceptions. According to this explanation, the 
visible movement of the susponded particles Is due to the invisible 
thermal movement of the liquid molecules surrounding them. 
‘The impacts of the liquid molecules colliding with the suspension 
particles on all sides cannot, of course, oxactly neutralize one anoth- 
er; at each moment the equilibrium ix disturbed in favour of one 
direction or another, accounting for the fanciful path of the particles. 
Thus, the very fact of the Brownian movemont is evidence of the 
reality of molecules nnd gives the picture of their unorderly move 
ment, since the suspended particles repeat, in general, the same move- 
ments as the molecules of the liquid. But Porrin wont still furthor In 
his investigations: by prolonged observation of the movement of the 
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particles under the microscope, he succeeded in determining the mean 
velocity of migration of the particles. Hence, knowing the mass of 
the particles in the suspension, Perrin calculated their mean kinetic 
energy. The result he obtained was astounding. He found that the 
kinetic energy of the particles corresponded exactly to that of a gas, 
calculated for the same temperature on the basis of the Kinetic 
Theory. The particles in Perrin's experiments were about 10!° times 
as heavy as a hydrogen molecule, but the kinetic energy of the two 
was equal. After the establishment of these facts the objective reality 
of molecules could no longer be denied. 

At present the Brownian movement is regarded both as a result 
of the thermal movement of the molecules of the liquid and as the 
thermal movement of the suspension particles themselves. The latter 
may be likened to giant molecules taking part in the thermal move- 
ment together with the invisible molecules of the liquid. There is 
no difference, in principle, between the one and the other. 

Besides proving that molecules really exist, Perrin's experiments 
made it possible to calculate the number of molecules in one gram- 
molecule of gas. This number, of universal significance, is called 
Avogadro's number. According to Perrin’s calculations, it was found 
to equal, approximately, 6.9 x10%, which was very close to the 
values of this magnitude found earlier by other methods. Since then 
Avogadro’s number has been determined many times by different 
physical methods, but the results have always been very close. Such 
a coincidence of results testifies to the correctness of the number 
found and is irrefutable proof of the real existence of molecules. 

At the present time the accepted value of Avogadro's number is 


6.02. 10°: 


The colossal magnitude of Avogadro’s number is beyond the 
powers of imagination. We can get some idea of it only by comparison. 

Let us assume, for instance, that 1 mole, i.e., 18 gr. of water, is 
distributed evenly over the entire surface of the globe. A simple 
computation shows that there would then be about 100,000 molecules 
on every square centimetre. 

Or another comparison. Suppose we were able in some way to 
label all the molecules in 18 grams of water. If that water were then 
poured into the sea and mixed evenly with all the water on the globe. 
we should, upon taking a glass of water from any point, find in it 
about 100 labeled molecules. 

Since the gram-molecule of any gas occupies a volume of 22.4 1. 
under standard conditions, 1 ml. of gas under the same conditions 
contains 2.7 x10'9 molecules. If we should evacuate a vessel of any 
kind to the extreme limit attainable with the best pumps (approxi- 
mately to one-ten thousand millionth of an atmosphere), i.e., obtain 
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what we practically consider an “airless void,” the number of mole- 
cules in 1 cm. of this void would still be considerably larger than the 
human population of the globe. This gives us an idea of how infini- 
tesimal the dimensions of molecules and atoms must be, since such 
an immense number of them can fit into 1 cm. Nevertheless, physicists 
have calculated these dimensions by various methods. If we imagine 
molecules in the form of very tiny spheres, their diameter will measure 
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Fig. 9. Zinc oxide smoke particles magnified 20,000X 


a few hundred millionths of a centimetre. For example, the diameter 
of an oxygen molecule is about 3.2 X10-8 em., that of a hydrogen 
molecule is 2.6 x10-8 cm. and of a hydrogen atom, 1 x10-8 cm. 

To express such small values it is very convenient to accept as 
a unit of length one one-hundred millionth part of a centimetre 
(1078 cem.). This unit was suggested by the Swedish physicist Angs- 
trom for measuring the lengths of light waves, and is called the 
Angstrom unit after him. It is denoted by the symbol A or A. The 
linear dimensions of atoms and molecules are usually a few Angstrom 
units. 

Knowing the number of molecules in one gram-molecule, and 
hence, the number of atoms in one gram-atom, we can compute 
the weight of an atom of any element in grams. For instance, if we 
divide a gram-atom of hydrogen by Avogadro’s number, we get the 
weight of the hydrogen atom in grams: 


1.008 nf 
TOKIO = 1.67 .10-*: = 0.000,000,000,000,000,000,000,001,67 pr. 
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It is just as easy to express the weights of other atoms and mole- 
cules in grams. It should be noted, for the sake of comparison, that the 
smallest difference of weight we can still detect with the aid of the 
most sensitive micro-balance is about 3 X10 gr., with a maximum 
weight of 5 mg. on the balance. 

At present science has at its disposal the means of determining 
the exact arrangement of atoms.and molecules in space, the distance 
between them and in some cases even of photographing individual 
molecules, Modern electron microscopes, employing electron beams 
instead of light rays, make it possible to obtain images magnified 
tens and hundreds of thousands of times (Fig. 9). 


CHAPTER II 


Periodic Law of Mendeleyer 


After the consolidation of the atomic and molecular theories, the 
most important event in chemistry was the discovery of the Periodic 
Law of Chemical Elements. This discovery, made in 1868 by the 
Russian scientist D. Mendeleyev, ushered in a new epoch in chemistry 
and determined the trends of its development for many decades to 
come. The classification of chemical elements based on the Periodic 
Law and expressed by Mendeleyev in the form of a periodic table 
became the guiding principle in the study of the properties of chemi- 
cal elements and played a very important part in the further develop- 
ment of the science of the structure of substance. Therefore, before 
turning to a consideration of the modern theory of atomic structure 
we must first acquaint ourselves with the Periodic Table of Elements. 

80. Early Classifications of the Elements. Comparison of the proper- 
ties of the chemical elements has long since led to their division 
into two large groups—metals and non-metals or metalloids.* This 
division was based primarily on differences in the external, physical 
properties of simple substances. 

Metals are distinguished by their characteristic “metallic” lustre, 
malleability and ductility; they can be rolled into sheets or drawn 
into wire, are good conductors of heat and electricity. At ordinary 
temperatures all metals (except mercury) are solids. 

Non-Metals do not possess these properties. They do not have the 
characteristic lustre of metals, are brittle and very poor conductors of 
heat and electricity. Many of them are gases under ordinary condi- 
tions. 

But the main criterion for referring an element to one group or 
the other is its chemical properties, especially the nature of its oxides: 
oxides of metals are predominantly of a basic nature; oxides of non- 
metals are acidic. 

However, not all the representatives of the above two groups 
have distinctly metallic or non-metallic properties. As a matter of 


* The term metalloids was introduced into chemistry by Berzelius (1808) 
to denote simple substances of non-metallic nature. It should be noted that 
this name is incorrect, as the word metalloid means, literally, resembling a 
metal. 
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fact, there is a gradual gradation from typical metals to typical 
non-metals, making it impossible to draw a sharp line between the 
two groups. In classing an element as a metal or a non-metal we only 
indicate which of its properties—metallic or non-metallic—are more 
pronounced in it. 

The division of the elements into metals and non-metals was 
essentially their first and simplest classification. But as time went 
on this classification became insufficient for chemists. 

Attempts were made to arrange the elements in smaller groups, 
according to similarities in their properties. Most investigators in- 
voluntarily came to the idea of establishing a relation between the 
chemical properties of the elements and their atomic weights and 
basing their classification on this principle. 

In 1829 the German chemist Dobereiner published an attempt to 
group elements according to chemical resemblances. He found that 
elements with similar properties can be grouped by threes, where- 
upon the atomic weight of one of them turns out to be approximately 
the arithmetical mean of the atomic weights of the other two, as, 
for example: 


Lithium . . 7 

{ Sodium . . 23 en) =23 
Potassium . 39 4 
Chlorine . . 35.5 

/ Bromine . . 80.0 SHUTTLE I 

SL ERE BR 5 


Ddbereiner called these groups triads. He considered that the 
relationships he had found could serve as a basis for a systematic 
classification of the elements. However, among all the elements 
known at that time he succeeded in finding only four triads. 

Without dwelling on a number of other attempts of a similar 
nature, we shall mention only the direct predecessors of Mendeleyev. 

In 1863 Newlands, an English scientist, arranged the elements in 
order of increasing atomic weights and noticed that every eighth 
element, starting from any point, approximately repeated the proper- 
ties of the first, like the eighth note in music. Newlands called this 
relationship the “Law of Octaves” and attempted to divide all the 
elements known to him into groups (octaves) on the basis of this law. 

Newlands’s first three octaves are given below as an illustration 
of his system: 


H Li Be B [0 N 0 
F Na Mg Al Si R 5 
cl K Ca Cr Ti Mn Fe 
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Newlands’s arrangement of the elements in octaves Was rather 
arbitrary: in some cases he would switch their positions to artificially 
accommodate them in his scheme; in others, he would put two 
elements in the same position, and he made no allowance whatsoever 
for the possibility of new elements being discovered. Newlands’s 
system had many contradictions; however, it was based on the 
correct assumption that the properties of the elements gradate 
periodically with increasing atomic weights. 

The next year, in 1864, Lothar Meyer published a table of some 
of the chemical elements arranged according to their valencies into 
Six groups. Pointing out that the difference between the atomic 
weights of consecutive elements in each. group displays a definite 
constancy, Meyer concluded his paper with the words: “There can 
be no doubt that a certain relationship exists between the numerical 
values of the atomic weights.” However, Meyer did not draw any more 
definite conclusions as to the nature and importance of this relation- 
Ship. 

Dobereiner, Newlands, Meyer and the other predecessors of Mende- 
leyev in the systematic arrangement of the chemical elements were 
concerned only with their classification and went no further than 
to arrange the individual elements into groups based on chemical 
resemblances. They regarded each element as something quite indi- 
vidual and not related in any way with the other elements. 

31. Mendeleyev’s Periodic Law. Unlike his predecessors, Mendeley- 
ev was firmly convinced that all the chemical elements must be regu- 
larly interrelated. He approached the problem of their systematization 
by attempting first of all to find the property which would most ac- 
curately reflect the relation between the elements, and came to the 
conclusion that the most likely property in this respect was their 
atomic weight, a value which characterized the relative mass of 
the atom and might therefore serve as a basis for systemati- 
zation. 

“... According to the sense of all exact information on natural 
phenomena,” wrote Mendeleyev in his “Principles of Chemistry,” 
“the mass 0f a substance is precisely the property on which all its other 
properties must depend. ... Therefore, it is most natural to expect 
to find a relation between the properties and similarities of elements 
on the one hand and their atomic weights on the other.” 

Indeed, arranging all the elements in order of increasing atomic 
weights, Mendeleyevy found that elements chemically similar to each 
other occur at regular intervals and that identical properties thus 
repeat themselves periodically throughout the series of the ele- 
ments. 

This remarkable relationship was expressed in the Periodic Law 
which Mendeleyev formulated as follows: 
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The properties of simple bodies, as well as the forms and properties 
of the compounds of elements, are periodic functions of the atomic 
weights of the elements. 


To illustrate the regularities found by Mendeleyev, the first 
twenty elements are written out below in order of their atomic 
weights. 

Beneath the symbol of each element stands the formula of its 
highest oxide, corresponding to the highest valency of the element: 


H He Li Be B 


Hydrogen Helium Lithium Beryllium Boron Carbon Nitrogen 
1 4 6.9 9 10.8 12 14 
H,0 ed Li,0 Be0O B,0; CO; N,P; 
0 F Ne Na Mg Al Si 
Oxygen Fluorine Neon Sodium Magnesium Aluminium Silicon 
16 19 20.2 23 24.3 27 28.1 
ee He == Na,0 MgO Al,0s Si0, 
P 5 Cl Ar K Ca 
Phosphorus Sulphur Chlorine Argon Potassium Calcium 
51 32.1 35.5 39.9 39.1 40.1 etc. 
P0s 50, Cl,0;, 5 K,0 Cao 


The only exception in this series has been made for potassium, 
which should have come before argon. As we shall see later on, this 
exception is fully justified by the present-day theory of atomic 
Structure. 

Leaving hydrogen and helium aside for the time being, let us 
trace the order in which the properties of the rest of the elements 
change. 

Lithium is a univalent metal which decomposes water vigorously, 
forming a strong alkali. It is followed by beryllium which is also 
a metal, but is bivalent and decomposes water slowly at ordinary 
temperatures. After beryllium comes boron, a trivalent element with 
slightly non-metallic properties, but at the same time manifesting 
certain properties of a metal. The next in the series is carbon, a tetra- 
valent non-metal. Then come: nitrogen—an element with quite 
pronounced non-metallic properties, pentavalent in its highest oxide 
N05; oxygen—a typical non-metal. The seventh element, fluorine, 
is the strongest of all non-metals, and until recently no oxygen 
compounds of fluorine were known. 

From this cursory examination of the properties of the above 
Seven elements we see that the metallic properties, pronounced in 
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lithium, gradually weaken as we pass from one element to another, 
giving way to non-metallic properties, which reach their highest 
degree in fluorine. At the same time, as the atomic weights grow, 
the valencies of the elements with respect to oxygen, beginning 
with 1 in lithium, increase regularly by one unit for each consecutive 
element. 

If the properties kept changing further in the same direction 
fluorine should have been followed by an element with even more 
pronounced non-metallic properties; actually the next element after 
fluorine—neon—is an inert gas which does not unite with other 
elements and displays neither metallic nor non-metallic properties. 
Neon is followed by sodium, a univalent metal resembling lithium. 
Here we seem to have returned to the beginning of the series of 
properties just enumerated. Indeed, sodium is followed by magnesium, 
an analogue of beryllium; then comes aluminium which, although 
it is a metal and not a non-metal like boron, is also trivalent and 
possesses some of the properties of non-metals. After aluminium 
come silicon, a tetravalent non-metal, in many respects similar to 
carbon; pentavalent phosphorus, which resembles nitrogen in chemi- 
cal properties; sulphur, an element with pronounced non-metallic 
properties; chlorine, a very strong non-metal belonging, as is known, 
to the same group of halogens as fluorine; and, finally, again an inert 
gas, argon. 

If we trace the gradation in properties of all the rest of the elements 
we find that they change in the same general order as the first sixteen 
(not counting hydrogen and helium): argon is again followed by a 
univalent alkali metal, potassium, then a bivalent metal, calcium, 
which resembles magnesium, etc. 

Thus the gradation of properties in the chemical elements with 
increasing atomic weight does not progress continuously in one 
direction but is of a periodic nature. After a definite number of 
elements there is a kind of relapse to the starting point, after which 
the properties of the preceding elements are repeated, to a certain 
extent, in the same succession, but with definite qualitative differ- 
ences. 

32. Periodic Table of Elements. Series of elements with consecutively 
gradating properties, such as the series of eight elements from lithium 
to neon or from sodium to argon, Mendeleyev called periods. If we 
write the two periods named one beneath the other, putting sodium 
under lithium and argon under neon, we get the following arrangement 
of elements: 


Li Be B Cc N (0) F Ne 
Na Mg Al Si | 0 5 Cl Ar 
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Now the vertical columns contain elements with similar properties 
and the same valency, for example lithium and sodium, beryllium 
and magnesium, etc. 

Dividing all the elements into periods and arranging the latter in 
horizontal rows with elements of similar properties, forming similar 
types of compounds, directly beneath one another, Mendeleyev drew 
up a table which he called the Periodic Table of Elements by Groups 
and Series. This Table in its present-day form, supplemented by the 
elements discovered after Mendeleyev’s time, is given on pages 90-91. 
It consists of ten horizontal series and nine vertical columns or groups, 
containing similar elements. 

‘To begin with, let us turn our attention to the horizontal series. 
The first series contains only two elements—hydrogen at the beginning 
of the series and helium at its end. These two extreme elements make 
up the first period in which all the intermediate members are to be 
regarded as absent. 

‘The second and third series consist of the elements we have con- 
sidered above and form two periods of eight elements each. Both 
periods begin with an alkali metal and end with an inert gas. These 
three periods are called the short periods. The fourth series also 
begins with an alkali metal, potassium. Judging by the gradation 
of properties in the two preceding series, it might be expected that 
they would change in the same sequence in this case as well, and 
that the seventh element in the series will again be a halogen and the 
eighth an inert gas. But this is not so. Instead of a halogen, the seventh 
Position is occupied by manganese, which has very little in common 
with the halogens. Manganese is a metal, albeit of a transitional 
nature, forming both basic and acidic oxides, of which the highest, 
Mn20;, is analogous to chlorine oxide, Cl20;. Next to manganese in 
the same series come three more elements—iron, cobalt and nickel 
Which are very similar to one another but have nothing in common 
with the inert gases. And only the next, the fifth series, beginning 
with copper, finally ends in the inert gas krypton. The sixth series 
again begins with the alkali metal rubidium, etc. 

Thus, following argon, the properties of the elements repeat them- 
Selves more or less fully only every eighteen elements and not every 
eight, as in the second and third series. These eighteen elements form 
a long period consisting of two series. 

‘The next two series, the sixth and seventh, also form one long pe- 
riod. This period begins with the alkali metal rubidium and ends 
with the inert gas xenon. 

The eighth series brings a new complication. Here after lanthanum 
come fourteen elements called the rare-earth metals or lanthanides, * 


* Sometimes they are also called lanthanoids. 
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which occur in very small quantities and are very similar to lantha- 
num and to each other. Owing to this similarity, which is due to the 
peculiarities of their atomic structure (see § 55), the lanthanides 
are now placed outside the general Table, their position in the sys- 
tem being indicated in the box allotted to lanthanum.* 

Since the next inert gas after xenon, radon, is only at the end of the 
ninth series, the eighth and ninth series also form one long period 
embracing thirty-two elements. 

In the long periods, not all the properties of the elements change as 
consistently as in the second and third short periods. Here the usual 
gradation of properties is supplemented by a certain periodicity with- 
in the periods themselves. Thus, for instance, the valency first increases 
regularly from element to element, but after reaching a maximum 
in the middle of the period, drops abruptly to one, and then increases 
again to seven at the end of the period. In connection with this, the 
long periods are divided into two parts (two series), each of which 
forms a kind of separate period. 

The tenth series contains only fifteen elements, the last nine of 
which were produced comparatively recently by artificial means. 
These nine elements, as well as the three preceding elements, urani- 
um, protactinium and thorium, are very similar in atomic structure to 
actinium, for which reason they, like the lanthanides, are placed out- 
side the general Table under the name of actinides. 

Thus, the ten horizontal series of the Table constitute three short 
periods, three long and one incomplete period. The first period begins 
with hydrogen and the rest with one of the alkali metals. Each period 
ends in an inert gas. 

The vertical columns of the Table, or the groups, as indicated above, 
contain elements with similar properties. Therefore each vertical 
group is a kind of natural family of elements. There are altogether nine 
such groups in the Table. The numbers of the group are indicated at 
the top by Roman numerals. At the bottom of the Table are given 
the types of the highest salt-forming oxides characteristic of each 
group. 

The first group includes elements forming oxides of the type R20; 
the second, of the type RO; the third, of the type R203, etc. Thus, 
the highest valency of the elements of each group in their oxygen 
compounds corresponds, with very few exceptions, to the number 
of the group. 


* In Mendeleyev's original Table there was a large blank interval between 
cerium and tantalum, including the latter part of the eighth series, the ninth 
series and the beginning of the tenth series, the total number of series being 
twelve. At present, the lanthanides having been included in a single group, 
the Table consists only of ten series. 
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The group may also be characterized by valency with respect to 
hydrogen. The elements of the first, second and third groups are almost 
exclusively metals which either do not combine with hydrogen, or 
combine with it to form solid substances decomposable by water. 
On the other hand, the non-metals situated in the fourth, fifth, sixth 
and seventh groups, give characteristic gaseous hydrogen compounds, 
the types of which are indicated at the bottom of the Table. It can be 
seen that while the valency of the non-metals with respect to oxygen 
keeps growing continuously, their valency with respect to hydrogen, 
equal in the fourth group to 4, decreases, the sum of both valencies 
(with respect to oxygen and to hydrogen) always equalling 8. This 
makes it possible to determine one of the valencies if we know the 
other. For instance, if we remember that nitrogen is trivalent with 
respect to hydrogen (NH), we find that its highest valency with re- 
spect to oxygen equals 5 (8 — 3=5). 

Comparing elements belonging to the same group, it will readily be 
seen that, beginning with the fourth horizontal series, each element 
bears less resemblance to the elements directly above and directly 
below it, than to its neighbours in the same horizontal series. For 
instance, bromine in the seventh group is not adjacent to chlorine 
and iodine but is separated from each of them by one element; the 
Similar elements selenium and tellurium in the sixth group are sepa- 
rated by molybdenum, which has very little in common with them. 
Potassium, a metal of the first group, bears a great resemblance to 
rubidium in the sixth series but has very little in common with copper, 
Which is situated directly below it, etc. 

This is due to the fact that the fourth series marks the beginning of 
the long periods, each of which consists of two series, an even and 
an odd one, situated one above the other. For this reason, each 
group includes one element from the first half of the period (the even 
series) and one from the second half (odd series). Since the metallic 
properties weaken within the period from left to right, it is clear that 
in the elements of the even series they are stronger, generally, than 
in those of the odd series. To indicate this difference between the 
Series, the even series elements of the long periods are written in the 
Table at the left side of their boxes and the elements of the odd 
Series—at the right side. 

Thus, beginning with the fourth series, each group of the periodic 
System, except the eighth and zero groups, can be subdivided into 
two subgroups: an “even” subgroup, embracing the even series ele- 
ments of the long periods and an “odd” subgroup constituting the 
elements of the odd series. As to the elements of the second and 
third periods, which Mendeleyev called typical, in some groups 
they are closer in properties to the elements of the even series and in 
others to the elements of the odd series. For this reason the typical 


32. Periodic Table of Elements 89 


elements are usually combined with the elements of the even or 
odd series which resemble them into the main subgroup which is more 
characteristic of the given group; the remaining subgroup is accord- 
ingly called the secondary subgroup. In connection with this, the 
typical elements of the first and second groups are written at the left 
side of their columns and those of the other groups at the right. 

The difference between the main and secondary subgroups is most 
pronounced in the extreme groups of the Table (not counting the 
eighth and zero groups). Thus, in the first group the main subgroup is 
made up of the even series elements of the long periods—potassium, 
rubidium, caesium and francium, and lithium and sodium of the 
second and third series. They all possess pronounced metallic proper- 
ties and decompose water violently to form strong alkalis. The second- 
ary subgroup consists of copper, silver and gold which bear very 
little resemblance to the elements of the main subgroup. In the seventh 
group the main subgroup consists of the non-metals— fluorine, 
chlorine, bromine and iodine, while the secondary subgroup con- 
stitutes elements of the even rows—manganese, technetium and 
rhenium which have predominantly metallic properties. 

In the main subgroups it can readily be seen that the metallic prop- 
erties of the elements become more pronounced with increasing atomic 
weight. 

The eighth group of elements occupies a unique position in the Pe- 
riodic Table. It contains only nine elements, three very similar ele- 
ments being situated in each horizontal series. These “triads” are 
transitional between the end of one horizontal series and the begin- 
ning of the next in each long period. The elements of the eighth group 
might be expected to have the highest valency with respect to oxygen, 
equal to 8. However, so far the highest oxides of the type RO, have 
been obtained only for a few of them. 

Mendeleyev’s original Table contained only eight groups, as the 
inert gases argon, helium, etc., were unknown at the time he compiled 
it, Afterwards, when the inert gases were discovered, a new group had 
to be set apart for them. Mendeleyev placed them before the first 
group and called them the zero group, which, besides the order, indi- 
cated the unique chemical nature of the group: its members do not 
combine with other elements, i.e., are of zero valency. However, at 
present, for a reason which will be explained later, the zero group is 
usually placed in the last column at the right side of the Table. 

It should be noted that as far back as 1883, eleven years before the 
discovery of the first of the inert gases, argon, a Russian revolutionary 
and scientist, N. Morozov, imprisoned by the tsarist government for 
his revolutionary activities, predicted the existence of the inert 
gases, theoretically calculated their atomic weights and indicated their 
exact places in the Mendeleyev Table. But Morozov's remarkable 
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prediction became known only after his liberation from prison in 1905 
and the publication of his works written in solitary confinement. 
In building up the periodic system, the guiding principle by which 
Mendeleyev arranged the elements was their atomic weights. However, 
as can be seen from the Table, this principle was transgressed in three 
cases. Argon (at. wt. 39.944) stands before potassium (at. wt. 39.100) 
although its atomic weight is greater than that of potassium, cobalt 
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(at. wt. 58.94) comes before nickel (at. wt. 58.69) and tellurium (at. 
wt. 127.61) precedes iodine (at. wt. 126.91). In these cases Mendeley- 
ev departed from the usual order because the properties of these ele- 
ments required precisely the sequence indicated. Thus he did not 
regard the atomic weight as the decisive factor, but in establishing 
the position of each element in the Table took into account all its 
individual properties. 

Later investigations showed that Mendeleyev’s arrangement of 
the elements in the periodic system was perfectly correct and corre- 
sponded to the structure of their atoms. This will be dealt with in 
greater detail in Chapter VII. 

Thus, in the periodic system the properties of the elements, their 
atomic weights, valency, chemical nature, etc., vary in a definite 
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order both horizontally and vertically. The position of each element 
in the Table is therefore determined by its properties and vice versa, 
each position is occupied by an element possessing a definite set of 
properties. Therefore, we can predict the properties of any element 
quite accurately from its position in the Table. 

Suppose, for instance, that we have to find the properties of the ele- 
ment situated in the third horizontal series between magnesium and 
silicon. The very fact that the element is in the third group Shows that 
it forms an oxide of the type R203, i.e., that it is trivalent. Then, 
since the element magnesium at its left, in the second group, isa 
typical metal, and silicon at its right, in the fourth group, is a weak 
non-metal, the element in question will most probably be a metal, 
but a less typical one than magnesium. This conclusion is confirmed 
also by the fact that directly above it in the same group is boron with 
very weak metallic properties and directly below it scandium, whose 
properties are already distinctly metallic. Thus the element in ques- 
tion is a metal. Hence, it either does not combine at all with hydro- 
gen or forms a solid compound with it; its oxide, as the oxide of an 
element transitional between the metal magnesium and the non- 
metal silicon, must possess weakly basic properties or be amphoteric, 
i.e., form salts both with acids and bases. Such, actually, are the 
properties of the element aluminium which occupies the position 
under consideration. 

The atomic weight of aluminium can also be easily computed by 
its position in the Table, as the arithmetical mean of the atomic 
weights of its neighbours. 

It should be noted that not only the chemical properties of the ele- 
ments but very many physical properties of simple substances as well, 
change periodically if regarded as functions of their atomic weights. 
The periodicity of the change in the physical properties of simple 
substances becomes especially clear-cut if the atomic volumes of the 
simple substances, that is, the volumes occupied by one gram-atom of 
each in the solid or liquid state, are compared. The curve of atomic 
volumes shown in Fig. 10 illustrates the variation of their values as 
the atomic weights increase. The highest points of the curve are 
occupied by the alkali metals which possess the largest atomic 
volumes. 

Periodic changes are also observed in the specific gravities, melting 
and boiling points and other physical constants of simple sub- 
stances. 

33. Significance of the Periodic Table. The Periodic Table of Ele- 
ments greatly influenced the subsequent development of chemistry. 
Besides being the first natural classification of chemical elements, 
showing that they form a regular system and are closely related to one 
another, it has proved a mighty tool for research. 
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At the time Mendeleyev drew up his Table on the basis of his Peri- 
odic Law, many elements were still unknown; for instance, the ele- 
ment scandium in the fourth series was one of these unknown ele- 
ments. The element following calcium according to its atomic weight 
was titanium. But titanium could not be placed next to calcium, be- 
cause this would put it in the third group, whereas titanium is tet- 
ravalent, forming TiO as its highest oxide; besides, all its other 
properties show that it should be in the fourth group. For this reason 
Mendeleyev skipped one box, that is, left a blank space between cal- 
cium and titanium. On the same grounds two blank spaces were left 
in the fifth series between zinc and arsenic, these spaces now being: 
occupied by the elements thallium and germanium. Blank spaces 
had to be left also in other series. Mendeleyev was not only certain 
that there existed elements then unknown which would fill these 
Spaces, but even went so far as to predict the properties of three of 
these elements in accordance with their positions among the other 
elements of the periodic system. 

He called one of them, which was to take its place between calcium 
and titanium, eka-boron (as its properties would resemble those of 
boron); two others, for which blank spaces were left in the Table in 
the fifth series between zinc and arsenic, were called eka-aluminium 
and eka-silicon. 

In predicting the properties of these unknown elements, Mendeleyev 
wrote: “I take the liberty to do this in order that in time at least, 
when any one of these predicted bodies is discovered, I may ful- 
ly reassure myself and be able to convince other chemists of the 
a of the assumptions on which the system I have suggested is 
based.” 

In the course of the next fifteen years Mendeleyev’s predictions 
were brilliantly confirmed: all three elements were actually discovered. 
First the French chemist Lecog de Boisbaudran discovered a new ele- 
ment, gallium, which possessed all the properties predicted by Men- 
deleyey for eka-aluminium; soon after, in Sweden, Nilson discovered 
Scandium with the properties of eka-boron and finally, several years 
later, in Germany, Winkler discovered the element germanium, iden- 
tical to Mendeleyev’s eka-silicon. 

To give an idea of the remarkable accuracy of Mendeleyev’s predic- 
tions, a comparison of the properties predicted by him for eka-silicon 
in 1871 with those of germanium, discovered in 1886, is given below: 


Properties of eka-silicon Properties of germanium 
Eka-silicon Es—a fusible metal, Germanium Ge—a grey metal, melt— 
capable of volatilizing when strongly ing point about 960° Cj; volatilizes. 
heated. at higher temperatures. 
Atomic weight of Es—about 72. Atomic weight of Ge—72.6. Spe- 


Specific gravity of Es—about 5.5. cific gravity of Ge—5.35 at 20° C. 


» 
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EsO, should be readily reducible. GeO, is easily reduced to the metal 
Specific gravity of EsOs willbe by coal or hydrogen. 

close to 4.7. Specific gravity of GeO, equals 
EsCl, is aliquid, b.p. about 90°C. 4.703 at 18° C. 

Specific gravity close to 1.9. GeCl, is a liquid, b.p. 83° C. Spe- 


cific gravity 1.88 at 18° C. 


The discovery of gallium, scandium and germanium was a real 
triumph of the Periodic Law. News of the predictions of the Russian 
chemist which had come true spread all over the world, and after this 
Mendeleyev’s Periodic Law received universal recognition. 

Mendeleyev himself received these discoveries with great satisfac- 
tion. “When in 1871 I wrote an article on the application of the Period- 
ic Law for determining the properties of undiscovered elements,” 
he said, “I did not think I would live to see this deduction from the- 
Periodic Law proved, but reality has ruled otherwise. I then de- 
scribed three elements, eka-boron, eka-aluminium and eka-silicon, 
and before twenty years had passed I had the joy of seeing all three- 
discovered. . . .” 

The periodic system was of great importance also in deciding the- 
question of the valency and atomic weights of several of elements. 

For instance, for a long time the element beryllium was considered 
an analogue of aluminium and the formula of its oxide was considered 
to be Bes03. Analysis showed that beryllium oxide contained nine- 
parts by weight of beryllium to every sixteen parts of oxygen. But no- 
volatile compounds of beryllium being known at that time, the atom- 
ic weight of this element could not be determined accurately enough. 
On the basis of the percentage composition and the assumed formula 
of beryllium oxide, its atomic weight was considered to equal 13.5. 
But there was only one position for beryllium in the Periodic Table— 
that above magnesium, according to which its oxide must have the 
formula BeO; the atomic weight of beryllium, therefore, must be 9. 
This conclusion was soon borne out by determinations of the vapour 
density of beryllium chloride which made it possible to calculate- 
the atomic weight of beryllium. 

In a similar way the Periodic Table incited investigators to correct 
the atomic weights of several rare elements. For instance, caesium had 
earlier been thought to have an atomic weight of 123.4. But in arrang- 
ing the elements in the Table Mendeleyev found that according to its. 
properties the place of caesium was in the left column of the first 
group, under rubidium, and that its atomic weight must equal about 
130. Recent determinations have shown the atomic weight of caesium. 
to be 132.91. 

At first, the Periodic Law was received very coldly and with dis- 
trust. When, on the basis of his discovery, Mendeleyev questioned as 
number of experimental data concerning atomic weights and ventured! 
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to predict the existence and properties of elements, which had not yet 
been discovered, many chemists were more than sceptical towards his 
daring statements. Thus, for instance, L. Meyer wrote in 1870 concern- 
ing the Periodic Law: “It would be hasty to undertake an alteration of 
the conventional atomic weights on such shaky grounds.” 

However, Mendeleyev’s predictions came true and the Periodic 
Law was universally recognized. The problem, so brilliantly solved by 
Mendeleyev, had troubled the minds of many scientists, and there 
had been attempts in several countries to found the Periodic Law. 
For this reason other chemists besides Mendeleyev claimed to have 
discovered the law. In this connection Mendeleyev wrote in his 
“Principles of Chemistry”: 

“A law can be confirmed only by making deductions which are 
impossible and unexpected without it,and by proving these deductions 
experimentally. That is why, after discovering the Periodic Law, 
I, on my part (1869-71), made logical deductions capable of proving 
its truth. ... Not a single law of nature can be confirmed without such 
a test.. Neither Chancourtois to whom the French attribute the honour 
of discovering the Periodic Law, nor Newlands, credited by the Eng- 
lish, nor L. Meyer, whom others have called its founder, dared to 
guess at the properties 0f undiscovered elements, to alter ‘conventional 
atomic weights’ or to regard the Periodic Law as a new, strictly de- 
creed law of nature, capable of embracing facts still ungeneralized, 
as I did at the very start (1869).” 

The discovery of the Periodic Law and the founding of a system 
of chemical elements were of inmense importance not only for cher- 
istry and other natural sciences, but for philosophy as well, for the 
materialistic world outlook. Revealing the relationship between the 
properties of the chemical elements and the quantity of substance 
in their atoms, the Periodic Law presented a striking proof of the 
universal law of development of nature, the Law of Transformation 
of Quantity into Quality. 

According to F. Engels, “By means of the—unconscious—appli- 
cation of Hegel's law of the transformation of quantity into quality, 
Mendeleyev achieved a scientific feat which it is not too bold to put 
on a par with that of Leverrier in calculating the orbit of the until 
then unknown planet Neptune.”* 

But the periodic system not only reflects the transformation from 
quantity to quality; it reveals also the unity of opposites manifested 
in the properties of the elements. It testifies to the fact that there are 
contradictions in the very nature of the elements, as a result of which 
one and the same element under different conditions may show direct- 
ly opposite properties. 


* F. Engels, “Dialectics of Nature”, Foreign L Publishing Hi 3 
ME ৰ aon. ign Languages Publishing House 


Dmitry Ivanovich 
Mendeleyev 


(1834-1907) 


Before Mendeleyev chemists used to group the elements according 
to their chemical resemblances, striving to bring only similar elements 
together. Mendeleyev's approach to the elements was entirely ditfer- 
ent. He brought together dissimilar elements placing next to each 
other chemically different elements with close atomic weights. It was 
this arrangement that made it possible to reveal the profound organic 
relation between all the elements and led to the discovery of the 
Periodic Law. 

The Periodic Law was one of the greatest generalizations of all the 
knowledge on the chemical elements available in Mendeleyev’s time. 
Mendeleyev showed that the chemical elements are a regular system 
based on a fundamental law of nature. 

Though he attached great importance to the Periodic Law, Men- 
deleyev pointed out more than once that much hard work and many 
new investigations would still be needed to get to its bottom. “The 
Periodic Law,” he wrote, “is pictured now as a new, only partly 
revealed secret of nature.” The subsequent progress of science opened 
the way for a much deeper penetration into the structure of matter 
on the basis of the Periodic Law, than was possible in Mendeleyev's 
time. The theory of atomic structure developed in the early XX 
century revealed the inner meaning of the Periodic Law and threw 
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a new light on Mendeleyevy’s system, making it even more harmo- 
nious and significant. 

The history of the discovery of the Periodic Law and its further 
development is a striking example of how human thought delves 
into the innermost secrets of nature and gradually solves its “riddles”. 

34. D. Mendeleyev. The father of one of the greatest generalizations 
in chemistry—the Periodic Table of Elements—Dmitry Ivanovich 
Mendeleyev, was born in 1834 in the town of Tobolsk (Siberia), in 
the family of the director of the town Gymnasium. He received a 
secondary education at the Tobolsk Gymnasium and then entered the 
Petersburg Pedagogical Institute, from which he graduated with a 
gold medal in 1857. After graduation he worked as a teacher for two 
years, first in the Simferopol and then Odessa Gymnasiums. 

After receiving his master’s degree in 1859 for a thesis presented un 
der the title “On Specific Volumes,” Mendeleyev went abroad on a 
two-year scientific commission, during which he took part in the 
World Chemical Congress in Karlsruhe (1860). Upon his return to 
Russia he was elected professor of the Petersburg Technological 
Institute and two years later professor of the Petersburg Univer- 
sity where he carried on his scientific and pedagogical activities for 
twenty-three years. In 1893 Mendeleyev was appointed Director of 
the Bureau of Weights and Measures. At the same time he carried 
on a great deal of scientific and literary work. In 1906 he issued a 
book under the title “Contribution to the Knowledge of Russia” 
which contained profound thoughts as to the trends for the further 
development of Russian industry and the Russian national economy. 

In 1907 D. Mendeleyev died of pneumonia. 

The greatest result of Mendeleyevy’s creative effort was the dis- 
covery of the Periodic Law and the drawing up of the Periodic 
‘Table of Elements. 

Of other works by Mendeleyev, the most important are: “Investi- 
gation of Aqueous Solutions by Their Specific Gravity,” his Doctor's 
thesis “On the Combination of Alcohol with Water” and “A Con- 
ception of Solutions as Associations.” ‘The so-called “chemical” or 
hydrate theory of solutions developed by Mendeleyev laid the 
foundation for the present-day theory of solutions. 

To Mendeleyev we owe the discovery of the “absolute boiling 
point” (now called “critical temperature"), i.e., the temperature 
above which no pressure can stop a given liquid from vapourizing 
or condense a given vapour into a liquid. 

One of Mendeleyev’s prominent works is his book “Principles of 
Chemistry” in which inorganic chemistry was for the first time 
expounded entirely from the standpoint of the Periodic Law. “The 
‘Principles’ are my favourite offspring,” wrote Mendeleyev in 1905. 
“They contain my image, my experience as a teacher and my bosom 
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ideas.” Mendeleyev’s scientific and practical activities were broad in 
scale and exceedingly versatile. His works embrace various fields of 
science—chemistry, physics, physical chemistry, geophysics. Dozens 
of his major works were devoted to economic and social problems. 
Organically combining theory and practice Mendeleyev gave a 
great deal of attention throughout his life to the development of 
the industry of his country. “Science and industry—there lie my 
dreams!” wrote Mendeleyev. Profoundly interested in problems of 
petroleum technology, he took up petroleum engineering in Baku, 
zealously advocated the necessity of maximally increasing the output 
and chemical treatment of oil, and suggested the construction of an 
oil line from Baku to the Black Sea. In 1887 Mendeleyev suggested 
the idea of underground coal gasification. Afterwards, taking an 
interest in the Urals iron industry, he studied it on the spot and 
raised the question of the utilization of the Kuznetsk Basin coal 
for iron and steel production in the Urals. He offered a number of 
suggestions concerning the development of metallurgy in the East 
and posed the problem of “direct production of iron and steel from 
the ore, by-passing pig iron.” A great scientist, Mendeleyev was a 
remarkable citizen and patriot as well, who devoted his life and 
energies to the progress of his country's science and industry. 
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CHAPTER IV 


Atomic Structure 


The existence of a relationship between all the chemical elements, 
So strikingly manifested in the Periodic Table, suggests that the 
atoms have something in common at their foundation, that they 
are all closely akin to one another. However, until the end of the XIX 
century the predominant conviction in chemistry was the meta- 
physical conception that the atom is the smallest particle of a simple 
Substance, the ultimate limit of divisibility of matter. In all chemi- 
cal changes only molecules are broken down and built up again, but 
atoms remain unchanged and cannot be divided into smaller par- 
ticles. 

Only a few scientists understood the one-sidedness and restricted- 
ness of such conceptions. For instance, the Russian scientist A. Butle- 
rov wrote in 1886: “...The now so-called ‘atoms’ of certain elements 
may perhaps, as a matter of fact, be capable of chemical division, 
i.e., they are not indivisible by nature, but indivisible only by the 
means to which we have access today and ... may become divisible 
by processes which will be discovered at some time in the future.” 
Similar ideas were put forth almost at the same time by another 
Russian scientist, N. Morozov. “Can it be assumed,” he wrote, “that 
atoms never decompose to still more primal particles under some 
other cosmic conditions, such as the heavenly fires observed from 
time to time during spectral investigations of flashing stars? Of 
course not! There is a great deal of evidence that the atoms of chemi- 
cal elements are going through their evolution in the eternal history 
of the universe.” 

But at that time none of these assumptions could be confirmed 
by experimental data. It was not until the end of the XIX century 
that discoveries were made revealing the complexity of atomic 
Structure and the possibility of breaking down atoms under certain 
conditions to form other atoms. These discoveries greatly accelerated 
the progress of the science of atomic structure. 

35. Discovery of Electrons. The first indications of the complex 
structure of atoms were obtained through a study of the cathode 
rays resulting from electrical discharges in highly rarefied gases. To 
observe these rays, as much of the air as possible is pumped out of 
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a glass tube with two metallic electrodes fused into it and then high 
voltage current is passed through. Under these conditions “invisible” 
cathode rays are emitted from the cathode of the tube perpendicular 
to the cathode plate. These rays cause the glass of the tube to glow 
bright green at the spot they fall upon. 

Cathode rays can move light mobile bodies placed in their path 
and are deflected from their original direction in magnetic (Fig. 11) 
and electrical fields (in the latter case, towards the positively charged 


Fig. 11. Deflection of cathode rays in a magnetic 
field 


plate). The action of cathode rays can be detected only inside the 
tube because glass is impermeable to them, and they cannot emerge 
from the tube. 

A study of the properties of cathode rays led to the conclusion 
that they are a stream of minute particles charged with negative 
electricity and travelling at a rate equal to about half the velocity 
of light. By special methods scientists succeeded in determining the 
Be of the cathode-ray particles and the magnitude of « their 
charge. 

It was found that the mass of each particle equals 0.00055 of an 
oxygen unit, or only '/1,ss0 of the mass of a hydrogen atom, the light- 
est of all atoms. The charge of a cathode-ray particle equals 1.60 > 
x10-!0 coulombs or 4.80 x107 0 electrostatic units. It is especially 
remarkable that neither the mass of the particles, nor the magnitude 

“ of their charge depends on the nature of the gas in the cathode tube. 
on the substance of the electrodes, or on any other conditions of the 
experiment. Besides, cathode-ray particles are known only in the 
charged state and cannot be deprived of their charges, cannot be con- 
verted into neutral particles: the electrical charge constitutes, 50 to 
say, the very essence of their nature. These particles are known as 
electrons. 

According to present-day conceptions, the charge of the electron 
is the ultimate electrical charge, the smallest quantity of electricity 
that can exist. Electricity consists of separate particles—“atoms” of 
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electricity, any charged body invariably containing a whole number 
of such particles. 

In cathode-ray tubes the electrons are torn away from the cathode 
under the influence of an electrical discharge. However, they may 
arise also out of any connection with electrical discharges. Thus, for 
instance, all metals emit electrons when strongly heated; electrons 
are found also in the flame of a candle or gas burner; many substances 
throw off electrons under the action of ultra-violet or X-rays, etc. 

The emission of electrons by a great variety of substances shows 
that these particles form part of all atoms; hence atoms are complex 
formations consisting of still smaller structural units. 

36. Discovery of X-Rays. In 1895 the German physicist Rontgen, 
when studying the fluorescence of glass under the influence of cathode 
rays, discovered a new type of radiation—X-rays, sometimes called 
also Rontgen rays. These rays were detected by their action on 
a photographic plate and by their property of causing luminescence 
(fluorescence) in many substances. The most remarkable property of 
X-rays is their tremendous penetrating power. They can pass almost 
unhindered not only through glass, but also through cardboard, wood, 
fabrics and various other substances impermeable to ordinary light 
rays. Only metals, especially heavy metals, can stop them to any 
considerable extent. 

Any solid can serve as a source of X-rays if subjected to the action 
of cathode rays, but platinum emits them especially intensively. 

“That is why special X-ray (Rontgen) tubes (Fig. 12) made for the 
production and study of X-rays are so designed that the beam of 
cathode rays falls upon a platinum plate, called anticathode. Under 
the impacts of the fast cathode-ray particles (electrons) this plate 
emits X-rays. In contradistinction to cathode rays, X-rays are not 
deflected by magnetic or electrical fields; hence, they do not carry 
electrical charges of any kind. 

Besides the above properties, X-rays are capable of ionizing gases. 
When X-rays pass through a gas, the latter becomes a conductor 
of electricity. Investigations have shown that the conductivity of the 
gas is due to the formation of positively and negatively charged gas 
particles, called ions, therefore it is said that the gas is ionized. 

The formation of ions is another confirmation of the presence of 
the electrons in atoms. Under the influence of X-rays electrons are 
torn out of the neutral atoms and molecules of the gas, as a result 
of which the atoms or molecules become positively charged. At the 
same time other molecules combine with the liberated electrons and 
become negatively charged ions. 


‘The capacity of X-rays to ionize gases was utilized for direct measurement 
of the charge on an electron. The measurement was carried out with the arrange- 
ment shown diagrammatically in Fig. 13. The anvaratus is a small chamber 
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with several windows. The two plates of a condenser are mounted on insulators 
inside the chamber. 

The method of measurement Was as follows. Very minute droplets of oil 
were sprayed into the chamber through port A and they began to settle slowly 
under the influence of gravity. The falling droplets were observed through a 
microscope opposite the window in the front wall of the chamber, the inside of 
the chamber Poin illuminated by means of an electric arc B. The weight of the 
droplets was determined by their rate of descent. Subjected for a short time to 
the action of X-rays (through window C), the air between the condenser plates 
breaks up partly into ions which are captured by individual droplets and thus 
charge the latter electrically. As long as the plates of the condenser are not 
charged these droplets continue to descend at the usual rate under the influence of 


Fig. 12. X-ray tube: Fig. 13. Diagram of apparatus for deter- 


1—cathode; 2—anticathode; 3—anode mining charge on electron 


gravity. But as soon as a charge is applied to the condenser, the movement 
of the drops changes: if, for instance, a certain droplet is charged negativel; 
and the upper plate of the condenser positively, the droplet will be attracted to 
the upper plate; its descent is retarded or it may even begin to reascend. By 
regulating the charge of the condenser any droplet can be stopped altogether and 
will hang suspended in the air. Obviously, under such conditions the weight 
of the droplet is exactly neutralized by the attraction of the plate. Hence, 
knowing the voltage of the electric field and the weight of the droplet, we can 
calculate its charge. 

Numerous observations of individual droplets show that their charges vary, 
but they are always equal to or multiples of a definite least charge which, 
according to present-day data, equals 4.803 1071 electrostatic units. Since the 
LE cannot absorb less than one electron this least charge is the charge of an 
electron. 


For a long time the nature of X-rays Was a point of controversy. 
Finally physicists came to the conclusion that X-rays are electro- 
magnetic oscillations of the same kind as the rays of visible light, 
but with a much smaller wave length. Investigations of X-ray spectra 
played a very important part in the development of the theory 
of atomic structure. 

37. Discovery of Radioactivity. A year after the discovery of the 
new type of rays by Rontgen, the French physicist Becquerel noticed 
that salts of the metal uranium, the heaviest of all chemical elements 
known at that time (atomic weight 238.07), possess the property 
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of emitting certain rays which, like X-rays, could penetrate various 
substances and darken photographic plates protected from the action 
of ordinary light. jd 

Somewhat later Marie Curie-Sklodowska discovered the same 
property in compounds of thorium, an element close to uranium 
in atomic weight. At Curie’s suggestion this property was called 
radioactivity (which means literally ray-emitting activity), and the 
substances emitting rays like those emitted by uranium and thorium 
Salts were termed radioactive. 


Marie Curie-Sklodowska was born in Warsaw in 1867. In her youth Marie 
Sklodowska took an active part in the revolutionary movement as member of 
a circle organized by the students of the college where her father lectured in math- 
ematics and physics. Alter this circle collapsed owing to police persecution, she 
was obliged to leave Warsaw, and settled in Paris where she entered the univer- 
sity. by 

Ate graduating the university Sklodowska, together with her husband 
Pierre Curie, undertook a study of radioactivity. For her brilliant discoveries 
in this field she was awarded the degree of Doctor of Physical Science. After the 
death of her husband (in 1905) Curie-Sklodowska continued her scientific 
activities in the study of radioactive elements. In 1910 she obtained metallic 
radium for the first time. Curie-Sklodowska twice received the Nobel Prize for 
her discoveries. 


‘The discovery of the radioactive properties of uranium salts moved 
Mme. Curie to undertake an extensive investigation of all uranium 
compounds. This investigation showed that radioactivity is a prop- 
erty belonging to the atoms of uranium, as its degree depends exclu- 
sively on the quantity of uranium in its compounds and is quite in- 
dependent of the elements the uranium is combined with. Undertaking 
a study of the natural compounds of uranium, Curie found that despite 
the lower uranium content in them they were more radioactive 
than pure uranium salts or than uranium itself. It was natural there- 
fore to assume that the uranium ores contained an admixture of some 
other radioactive substance and since this substance could not be 
detected by usual methods of analysis it followed that its content 
in the ore was very minute. 

Indeed, by successively isolating the substances contained in 
uranium pitchblende ore, Curie succeeded in establishing the presence 
of two new highly radioactive elements. She called one of them 
polonium and the other radium. ? 

The percentage of both elements in the ore was exceedingly small. 
Therefore, to obtain them in their pure form it was necessary to 
treat enormous quantities of ore. This work was carried out by Marie 
Curie together with her husband Pierre Curie. The initial material 
was not the pitchblende itself but the waste left over after uranium 
had beer extracted from the ore. After more than half a year's pains- 
taking work, in the course of which they treated several tons of waste, 


Marie Cuiie-Sklodowska 
(1867-1934) 


the Curies obtained only a few hundredths of a gram of radium 
in the form of the pure chloride salt. However, this amount was 
sufficient to cause a complete revolution in science. Due to the 
practically imperceptible content of polonium in the ore they were: 
unsuccessful in extracting it in its pure form. 

Subsequently a third radioactive element—actiniumn—Was dis- 
covered in uranium ore. 

38. Radium and Its Properties. At present the properties of radium, 
have been studied thoroughly. It is a silvery metal, rather soft, de- 
composing water at room temperatures. Its chemical behaviour great- 
ly resembles that of barium with which it occurs together in the pitch- 
blende ore. Radium and barium are very difficult to separate, owing 
to the great resemblance of their salts. Like barium, radium belongs 
to the second group of the Periodic Table. The atomic weight of 
radium (Ra) equals 226.05. Radium is usually obtained in the form 
of the chloride or the bromide (RaCls or RaBr2). 

Radium is quite widespread in nature; it occurs in many minerals 
and mineral springs, but always in very minute quantities. Radium is 
obtained from uranium ores, in which it is always present. Even the 
richest uranium ore contains only about 0.2 gr. of radium per ton of 
ore. That is why radium preparations are so costly and difficult to. 
obtain. 

The most remarkable property of radium is its high radioactivity, 
which is several million times greater than that of uranium. Radium, 
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measurement of the charge on alpha particles showed, besides, that 
its value equals twice the charge on an electron; hence it follows 
that the mass of an alpha particle equals four. But this is the mass 
of the helium atom. Thus, alpha particles proved to be nothing 
but atoms, or rather ions, of helium, bearing a double positive charge. 

The identity between alpha particles and helium was proved by 
direct experiment. A radium preparation fused into a glass tube thin 
enough for the alpha particles to penetrate its walls was placed 
inside another thick-walled glass tube. After some time helium could 
be detected in the outer tube by means of a spectroscope. 

If a screen coated with zinc sulphide is placed in the path of alpha 
rays, it will be observed to glow in the dark. Such observations 
can be conveniently made with an apparatus called spinthariscope 
(Fig. 15). This apparatus consists of a brass cylinder with a magnify- 
ing glass B at its top and a screen A at its bottom, coated with 
zinc sulphide. A. needle C with some radioactive substance on its 
point is placed in front of the screen. If the screen is observed through 
the magnifying glass the glow can easily be seen to consist of a large 
number of separate flashes or scintillations, each of which is the re 
sult of one alpha particle striking the screen. Hence, by counting 
the number of flashes we can determine the number of alpha particles 
Striking the screen during a definite period of time. 

These light flashes were the first visible action of individual atoms 
and are the most irrefutable proof of the reality of their existence. 
That a single infinitesimally small atom is capable of causing a 
perceptible light effect when it collides with the screen becomes quite 
credible if we take into account the huge kinetic energy of an alpha 
particle, which is high enough to produce a visible luminous elfect. 
By counting up the number of scintillations it was established that 
one gram of radium ejects 3.5xX100 alpha particles per second. 

40. Radioactive Decay. Radium emits not only alpha and gamma 
rays, but also a new gaseous radioactive substance which was at 
first called radium emanation. Although this gas forms in exceedingly 
small quantities, it has been collected and its properties have been 
studied. From a chemical standpoint, emanation is an inert gas 
incapable of reacting with any substances. It is a chemical element. 
Subsequently this element received the name of radon (Rn). 

The atomic weight of emanation, or radon, was found to equal 222. 
Since the atomic weight of radium is 226 and the atomic weight 
of helium 4 there is no doubt that the irradiation of radium is accom- 
panied by decay of its atoms into radon and helium atoms. 

In other words, radium keeps continuously changing into two new 
elements—radon and helium: 

Ra — Rn + He 
226: 1222, .4 


Ernest Rutherford 
(1871-1937) 


A subsequent study of radon showed that it is very short-lived. 
Emitting alpha rays, it decomposes into helium and a solid radioactive 
substance called radium A. In its turn, radium A passes consecu- 
tively into a whole series of radioactive elements. One of them is 
polonium which was discovered at the same time as radium. 

The discovery of radioactivity left no doubt as to the fact that the 
atoms of the chemical elements are complex systems capable of 
breaking down into new atoms. The transmutation of radium into 
radon and helium, as well as the further transmutations of radon 
have been proved irrefutably. Hence, the chemical elements, or at 
least some of them, are capable of being transmuted into one another. 

These changes, however, differ essentially from ordinary chemical 
reactions. While the velocity of chemical reactions is affected by 
the temperature, the pressure and other conditions, no external 
factors known to present-day science have any perceptible influence 
on radioactive transformations. At the very lowest and very highest 
temperatures, in vacuum and under immense pressure, in the dark 
and in the light, these changes take place in exactly the same Way. 
They occur, s0 to say, “of their own accord.” We can neither accelerate, 
nor decelerate them.* 


* Many radioactive elements have been obtained lately by artificial 


‘methods. “Artificial” radioactivity will be dealt with in Chapter XXVI. 
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41. Nuclear Model of the Atom. The study of atomic structure 
began practically in 1897-98, after the nature of cathode rays had 
been established finally as a stream of electrons, and the charge 
and mass of ‘the electron had been determined. The emission of 
electrons by a great variety of substances suggested that electrons 
are contained in all atoms. But the atom as a whole is electrically 
neutral; hence, it must contain some other component part bearing 
a positive charge large enough to balance the total negative charge 
of all the electrons. This positively charged part of the atom was 
discovered in 1911 by the prominent English scientist Rutherford 
in investigating the movement of alpha particles through gases and 
other substances. 

As was mentioned above, the alpha particles emitted by the atoms 
of radioactive elements are positively charged helium ions with 
velocities up to 20,000 km. per sec. Due to this tremendous velocity, 
alpha particles knock electrons out of the gas molecules they collide 
with as they travel through the air. The molecules which lose elec- 
trons acquire a positive charge, whereas the electrons knocked out of 
them are immediately captured by other molecules and impart a 
negative charge to them. In this way positively and negatively 
charged gas ions are formed in the air along the path of the 
alpha particles. 


Ernest Rutherford, one of the most prominent scientists in the field of radio- 
activity and atomic structure, was born in 1871, in Nelson (New Zealand); he 
was a professor in physics at the Montreal University (Canada), then, from 1907, 
in Manchester, and from 1919 in Cambridge and London. - 

Beginning with 1900 Rutherford occupied himself with radioactive phenome: 
na. He discovered the three types of rays emitted by radioactive substances; 
suggested (together with Soddy) a theory of radioactive decay; gave a precise 
Rot of the formation of helium during many radioactive processes. In 1911 he 

iscovered the atomic nucleus and worked out the planetary model of the atom, 
thus initiating the present-day science of atomic structure. In 1919 he brought 
about the first artificial transmutation of several stable elements by bom bar- 
ding them with alpha particles. 


The ability of alpha particles to ionize air was utilized in a very 
clever manner by the English physicist Wilson to make the paths 
of individual particles visible and to photograph them. 

Wilson’s method was as follows: If air saturated with water vapour 
is cooled quickly, the vapour will condense into minute drops of 
fog. However, if the air is entirely free of dust the fog will not appear 
in spite of such a cooling; to form the fog there must be dust particles 
present, around which the vapour can condense. Electrically charged 
gas molecules have the same effect as dust particles. If we pass alpha 
particles through a chamber containing air supersaturated with 
water vapour, the ions formed along the path of alpha particles will 
cause droplets of water to condense around them, and if the chamber 
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is illuminated laterally the path of each particle becomes visible as. 
a fine trail of fog. 

The Wilson Chamber, used for experiments of this kind (its diagram 
is Shown in Fig. 16), is a cylinder A with a glass cover B; the bottom 
of the cylinder is a movable piston C. Tf the piston is lowered rapidly, 
the moist air in the chamber will cool due to expansion and become 
supersaturated with water vapour. 

Fig. 17 shows one of the photographs of the fog-tracks made by 
alpha particles. Examining this photograph we see that the paths of 
alpha particles are rectilinear. At the same time theory Shows 
that each particle must collide with hundreds of thousands of atoms. 


SZ 
LY Source of 


particles 
Fig, 16. Diagram of Wilson Chamber Fig. 17. Photograph of 
fog-tracksmade by alpha 
particles 


along its path, which in air may be as long as 11 em. Hf, nevertheless, 
its path remains rectilinear, this can be attributed only to the fact 
that the alpha particle flies right through atoms. 

A more thorough investigation of this phenomenon showed that if 
a beam of parallel rays is passed through a layer of gas or a thin 
metal plate, the rays lose their parallelism and become slightly diver- 
gent; we say that the alpha particles are scattered, that is, are deflect- 
ed from their original path. True, the angles of deflection are gener- 
ally not large, but there is always a small number of particles 
(about one in 8,000) which are deflected very strongly; some particles 
are even thrown back, as if they had collided with something solid, 
impenetrable in their path. These sharp deviations of alpha particles 
can be clearly seen on some photographs (Fig. 18). 

What can be the reason for the abrupt change in direction of the 
alpha particles? It is easy to see that the deflection in general is 
caused by electrical interaction between the alpha particles and 
the charged parts of atoms. These charged parts can hardly be elec- 
trons. The mass of the electron is almost 7,500 times less than that 
of an alpha particle; hence, even if an alpha particle passed very 
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close to an electron, It would deflect the electron but Itself would 
hardly change the direction of Its flight. It remains to assume that 
the deflection Is caused by interaction botweon tho alpha particles 
and the positively charged parts of atoms, the mass of which is 
obviously a value of the samo order as the mass of the alpha particles 
Besides, It must be assumed that this mass occuplos an infinitesimally 
small volume as otherwise Its charge would not be able to create 
a strong olectric fleld and large deflections would be Impoxmsible 
On the basis of these considerations Huthorford suggested the 
following scheme of atomic structure, In the centre of the atom is 
a positively charged nucleus. about which electrons whirl in different 
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orbits. The centrifugal force due to thelr rotation Is neutralized by 
the attraction between the nucleus and the electrons, kooping the 
latter a certain distance away from the nucleus. Since the mas 
of the electron is infinitesimally small, almost the ootire mas ol 
the atom is concentrated in its nucleus. The size of the atom and 
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ttciown dose slastrioel ropulvias couse 48 to deviaie sharply trom its 
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iw. 19 shows Ube paths of alpha particles ax they through an 

atom. The black dols denote electrons amd the white dot-in (bd State 
of the figure, the atomic nucleus, Partiches A and C are deflected only 
slightly when collide with electrons; particle MH is sharply 
deflected alter co with ibe positively changed norleus. 

Thus, Investigation of the seatteriog of alpha particles Iald the 
foundation for the uvclear of the atom. Hlnee then this t! 
has been confirmed In #0 many divers ways \hat at promal Its 
in beyond doubt. 

42. Nuclear Moseley's Law, Ove of the problems that stood 
before the Ubeory of atomic structure at Ube of Its 


Noray spectre, 
Let us flest recall what ordinary oniell spectra, that is “vindble” 


continuous saceemalon, This phenomenon 2 known io be due to tie 
[act that white light consists of coloured rays of variows wave lengli, 
which are deflected IEE 8 they pam through the prism 


A diflraction grating may be wed inotcad of the iw 
Ihe Um. bs # Ulam plate with Pecill Hae 
|e “পট সপ এ te cack other by mess of « diamend 


14 Chapter IV. Atomic Structure 


spectrum of calcium vapours contains several red, yellow and green 
lines, etc. Such spectra are called discontinuous or line spectra. 

Optical spectra are studied by means of special instruments. 
spectroscopes and spectrometers, which not only reveal the number 
and arrangement of the spectral lines, but make it possible to measure 
the wave lengths of the corresponding rays as well. 

Now let us consider X-ray spectra and the conclusions their study 
has led to. 

It will be recalled that X-rays arise when fast electrons collide 
with a solid body, and are distinguished from the rays of visible 
light only by their much shorter wave length. While the shortest 
visible light waveshavea length of about 4,000 Angstroms (violet rays) 
the wave lengths of X-rays are between 20 and 0.1 Angstrom units. 

An ordinary prism or the diffraction grating described above 
cannot be used to produce X-ray spectra. Theoretically for rays 
with such short wave lengths as X-rays we should have to rule a 
diffraction grating with 1 million lines per mm. As no such grating 
could be made artificially, X-ray spectra could not be produced for 
a long time. 

In 1919 the German physicist Laue came upon the idea of using 
crystals as diffraction gratings for X-rays. The regular arrangement 
of the atoms in crystals and the very small distances between them 
gave grounds to assume that a crystal would be the very thing to 
play the part of the required diffraction grating. Laue's assumption 
was brilliantly confirmed by experiment and soon instruments were 
constructed, making it possible to obtain the X-ray spectra of almost 
all the elements. 

To produce X-ray spectra the anticathode in an X-ray tube is 
made of the metal whose spectrum is to be studied, or some compound 
of the element in question is applied to a platinum anticathode. 
The screen for the spectrum is a photographic plate or sensitized paper; 
after development all the lines of the spectrum become clearly visible. 

X-ray spectra are much simpler than the line spectra of vapours 
and gases. The spectrum of each element consists of several lines 
or groups of lines denotes K-, L- or M-series, the arrangement of 
which for the different elements is perfectly analogous. The influence 
of the substance emitting the rays tells only on the wave lengths of 
the spectral lines. 

In 1913, in a study of X-ray spectra, the English scientist Moseley 
found that as the atomic numbers of the elements increase (atomic 
numbers are numbers showing the position occupied by the element 
in the Periodic Table) the lines of each series shift regularly in the 
direction of decreasing wave lengths. 

Fig. 20 shows the displacement of the two brightest lines x and B 
of the K-series for the elements from arsenic to strontium. It can be 
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seen that the displacement of the first three elements is approxi- 
mately equal. In passing from bromine (No. 35) to rubidium (No. 37) 
the displacement is twice as large, showing that one element has been 
skipped. 

The relationship between the atomic numbers of the elements 
and the wave lengths of their X-rays is called Moseley’'s Law, which 
may by stated as follows: 


The square roots of the inverse wave lengths are in linear relation 
to the atomic numbers of the elements. 


This means that if the atomic numbers of the elements are plotted 
along the abscissa axis and the square roots of the inverse wave lengths 
along the ordinate axis, the rela- 
tion between them will be repre- 
sented graphically by a straight As33 
line. Se 34 

Moseley’'s discovery played র্‌ 
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a very important part in eluci- 
dating the structure of atoms. ~Kr36 


The close relation between the  Rbsr\ 
X-ray spectra of the elements Vl 


Ba 


and their atomic numbers indi- Sr 38 
cated that atomic numbers do 
not simply register the position Fig. 20. Shift of K-series lines in 
of the elements in the Periodic X-ray spectra of elements arranged 
TELE BU HAVE ER UEANLLE according to their atomic numbers 
physical sense, i.e., express a certain property of the atoms. 
Even before Moseley certain theoretical considerations had made 
possible the assumption that the atomic number of an element in- 
dicates the number of positive charges on the nucleus of its atom. 
At the same time, Rutherford, in studying the scattering Of alpha 
particles when they pass through thin metal plates, found that if 
the charge on an electron is taken asa unit, the charge on the nucleus 
expressed in the same units is approximately equal to one half 
the atomic weight of the element. The atomic numbers, at least of 
the lighter elements, also equal approximately half their atomic 
weight. All this taken together led to the conclusion that the charge 
on the nucleus of an element is numerically equal to its atomic number. 
This conclusion was finally confirmed in 1920 by the English 
physicist Chadwick by direct measurement of the charges on copper, 
silver and platinum atoms. 


Copper Silver Platinum 
Nuclear charge . . .-. 29.3 46.3 77.4 
Atomic number a... 29 47 78 
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Taking into account the inevitable errors of experiment, the agree 
mont of the flguros obtained with the atomic num of the elements 
nt considered very good. 

us Moseley's Law made It posible to determine Ihe charges 
on atomic nuclei. At the same time, owing to the neutrality of atoms. 
this establixhed the number of electrons revolving around the nucleus 
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Deviopiig Rutherford nuclear hoot sclentists camo to the 
conclusion that the complex structure of line spectre is due to the 
oscillation of the electrons within the atoms. According to Ruther 
ford's cach electron rotates around the nucleus, the attractive 
force of the latter being neutralized by the centrifugal force due to tho 
rotation of the electron, The rotation of the electron ls quite analoguur 
to rapid oscillations and should fl dog rise to clectromagnotic waves. 
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of an atom with its electron on the more distant orbit by I» and with 
its electron on the less distant orbit by 1;, and divide the energy 
lost Is —1i, by the Planck constant, we get the frequency of the 
light radiated: 
v LE af) 

h 


The greater the distance between the orbit on which the electron 
is and that to which it passes, the higher the frequency of the radia- 
tion. 

The simplest of all atoms is the hydrogen atom which has only 
one electron revolving about its nucleus. On the basis of the above 
postulates Bohr calculated the radii of the possible orbits of this 
electron and found that they were to each other as the squares of 
the natural numbers: 


The value n afterwards came to be known as the principal quantum 
number. R 

The radius of the orbit closest to the nucleus in the hydrogen 
atom equals 0.53 Angstrom units. The frequencies of the radiations 
accompanying the passage of the electron from one orbit to another 
calculated on the basis of this figure proved to coincide exactly with 
the frequencies found experimentally for the lines of the hydrogen 
spectrum. This showed that the stable orbits had been computed 
correctly, and that Bohr’s postulates were applicable to such compu- 
tations. Subsequently the Bohr theory was extended to the atomic 
structure of other elements. 

44. Structure of the Electron Shells of Atoms. Bohr's theory 
made it possible to solve the very important question of the arrange- 
ment of the electrons in the atoms of various elements and to 
establish the dependence between the properties of the elements 
and the structure of the electron shells of their atoms. 

Today the schemes of atomic structure of all the chemical elements 
have been worked out. In drawing up these schemes scientists pro- 
ceeded from the enormous amount of experimental data accumulated 
during the study of optical and X-ray spectra, as well as from general 
considerations as to the stability of various combinations of electrons. 
But their main guide was D. Mendeleyev’s Periodic Law. 

It must, however, be kept in mind that these schemes are by no 
means complete and firmly established; they are but a more or less 
true hypothesis, which enables us to explain many of the physical 
and chemical properties of the elements. 

We have already seen that the number of electrons revolving 
around the nucleus of the atom is equal to the atomic number of 
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the element in the Periodic Table. It was assumed at first that the 
electrons move in groups along the same circular orbits forming 
several concentric rings. Afterwards it became necessary to assume 
that each electron has an orbit of its own, which may be a circle 
or an ellipse, and that these orbits are arranged differently in space, 
i.e., are at various angles to one another all around the nucleus. 
Instead of being arranged in rings, the electrons are now assumed 
to be grouped in electron layers. Each layer is filled or saturated by 
a definite number of electrons. Electrons of the same layer are 
characterized by almost equal supplies of energy, i.€., are approxi- 
mately at the same energy level. The entire electron shell of the atom 
is divided up into several layers or energy levels, denoted by the 
letters K, L, M, N, ..., the letter K denoting the layer closest to 
the nucleus. The electrons of each subsequent layer are at a higher 
energy level than the electrons of the preceding one. The orbits of 
all the electrons belonging to the same layer have elliptical orbits 
with equal long axes, but different short axes. The greatest number 
of electrons N which can be contained in any given layer (i.e., at 
any given energy level) equals twice the square of the layer number 


N=2n: 


where n is the layer number. Thus, the first layer, K, that closest 
to the nucleus, can hold no more than two electrons, the second 
layer, L, no more than eight, the third, M, no more than eighteen, 
etc. It has been established, besides, that the number of electrons 
cannot exceed eight in the outermost layer of any of the elements, 
except palladium, and cannot exceed eighteen in the second last layer. 
The electrons of the outermost layer, which are the farthest from 
the nucleus and therefore the least strongly connected with it, can 
break away from the atom and be captured by other atoms, taking 
up a position in their outer layers. Atoms which have lost one or 
several electrons become positively charged, as the charges on their 
nuclei will then exceed the total charge of the remaining electrons. 
On ‘the contrary, atoms which have gained extra electrons become 
negatively charged. The charged particles formed in this way dilfer 
qualitatively from the corresponding atoms and are called ions. 
The charge of an ion depends on the number of electrons the atom 
has lost or gained. For instance, if an aluminium atom, which has 
a total of 13 electrons in its shell, loses the three electrons in its 
outer layer, the resulting aluminium ion will have a charge of 4-3, 
since the loss of electrons does not alter the charge on the nucleus 
which equals 4-13, but the total charge of the remaining electrons 
will now be —10 (the charge of the ion will be —104+13= 4-9). 
A sulphur atom has a total of 16 electrons, six of which are in the 
outer layer. Tf it acquires two more electrons the result is a negative 
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doubly charged sulphur ion, since the total charge of the electrons 
becomes —18 while the charge on the nucleus equals +16 (the charge 
on the ion will be —184-16=—2). 

Tons are conventionally denoted by the same Symbols as the atoms 
with a superscript consisting of the same number of plus or minus 
signs as there are units in the charge on the ion. For instance, the 
triply positively charged aluminium ion is denoted by the symbol 
ALT or Alt and the doubly negatively charged sulphur ion by 
the symbol ST" or S2-, etc. 

Many ions can in their turn lose or gain electrons, whereupon 
they become either electrically neutral atoms or other ions with 
other charges. 


Ls 
2 
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Fig. 21. Structure of Fig. 22. Structure 
hydrogen atom of helium atom 


When an ion loses an electron its positive charge increases or its 
negative charge decreases or becomes zero (i.e., the ion becomes an 
electrically neutral atom). On the other hand, the addition of electrons 
to an ion decreases its positive or increases its negative charge. For 
instance, if the doubly positively charged iron ion Fe** loses one 
electron it becomes a triply charged ion Fet**, or if it gains two 
electrons it turns into an electrically neutral atom Fe; if the doubly 
negatively charged sulphur ion S7_ loses two electrons, it turns 
into a sulphur atom S, etc. 

Outer electrons may pass from one atom to another in a great 
variety of chemical processes; this will be dealt with in greater detail 
in the next chapter. The number of such electrons is the principal 
factor determining the differences in the chemical properties of atoms. 
Only the electrons of the outer layer take part in the emission and 
absorption of visible light rays, as well as infra-red and ultra-violet 
rays, which are close to them in wave length. 

Now let us examine the arrangement of the electrons in the atoms 
of some of the elements. 

The hydrogen atom has only one electron, travelling about the nu- 
cleus in a circle, as shown in Fig. 21. The hydrogen atom can easily 
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give its electron away to other atoms to become a singly positively 
charged hydrogen ion consisting only of a nucleus, called a proton. 

The next element after hydrogen, helium, has two electrons, form- 
ing the first layer K. Both electrons revolve in circular orbits at a 
certain angle to each other (Fig. 22) and possess equal energies, i.e., 
are at the same (first) energy level. Such an arrangement of electrons: 
is very stable, so that helium is in- 
clined neither to giveaway its electrons 
nor to acquire the electrons of other 
atoms. That is why helium is chemically 
inert. 


7) 
(SD 


Fig. 23. Structure of lithium atom Fig. 24. Structure of neon atom 
“ 


After helium comes lithium with three electrons. The helium 
electron layer, being very stable, remains intact in this atom; the 
third electron is situated on a considerably elongated elliptic orbit 
and starts the second electron layer (Fig. 23). This electron is less. 
strongly attached to the nucleus than the first two, and the lithium 
atom easily gives it away, changing into a positively charged ion. 

The elements following lithium, namely, beryllium, boron, car- 
bon, etc., retain the helium layer of two electrons, but the number of 
electrons in their second, L layer increases successively by one in each 
element until the number reaches 8 in the neon atom. Then we gel 
a very stable symmetrical arrangement of electrons (Fig. 24), as a re- 
sult of which neon, like helium, can neither lose nor gain electrons. On 
the contrary, in the atoms of the elements situated between helium and 
neon the electrons of the L layer are weakly attached and can be 
split off, turning these atoms into ions. 

Neon is followed by sodium. Ten of its electrons are arranged in the 
same way as in the neon atom (two on the first energy level and eight 
on the second), while the eleventh electron occupies a greatly elongat- 
ed elliptic orbit and is on the third energy level (Fig. 25). Thus, the 
sodium atom has a structure resembling that of the lithium atom, 
which accounts for the chemical resemblance of these elements. In 
passing from sodium to magnesium, aluminium and the subsequent 
elements, just as in passing from lithium to neon, the number of 
electrons keeps successively increasing, but now in the third layer, 
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and in argon (Fig. 26) we again have a stable structure with an elec- 
tron octet in the third layer. 

‘The further growth of the electron layers and their saturation with 
electrons will be considered in detail in Chapter VII. 


Fig. 25. Structure of sodium atom 


The atomic models shown in Figures 21-26 representing the arrange- 
ment of the electron orbits in the atoms of various elements are very 
clumsy and inconvenient. For chemical purposes the simplified dia- 
grams of atomic structure schemes shown in Fig. 27 are quite suffi- 

? cient. It must only be remembered 
that these schemes give no idea of 
the actual arrangement of the elec- 
trons in the atoms, but only indicate 
the number of electrons in each 
layer. Each circle corresponds to 
one layer of electrons, i.e., one 
energy level. 

495. State of the Electrons in 
Atoms. Elements of Wave Me- 
chanics. The Bohr theory was of 
great service to physics and chem- 
istry, approaching the discovery of 
the laws of spectroscopy and an 
Fig. 26. Structure of argon atom explanation of the mechanism otf 

radiation on the one hand, and a 
revelation of the structure of individual atoms and the establish- 
ment of the relation between them on the other. However, there 
Were still many phenomena in this field, which the Bohr theory 
could not explain. 

Bohr pictured the motion of the electrons in the atom to a certain 
extent as simple mechanical motion, whilst actually it is very com- 
plex and peculiar. The peculiarity of the motion of the electrons 
Was revealed by a new theory, the quantum theory or wave me- 
chanics. 
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This theory proceeds from the idea that the Newtonian laws of 
mechanics, which are true for bodies of sufficiently large mass (i.e., 
for those we usually have to do with in practice), are inapplicable to 
the motion of electrons in atoms and should be replaced by new laws 
conforming with the peculiarities of this motion. 

Quantum mechanics shows that the laws of motion of electrons 
have very much in common with the laws of wave propagation, and 
that is why it is otherwise called wave mechanics. Thus, according to 
the principles of quantum mechanics, the scattering of electrons by 
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Fig. 27. Atomic structure of elements of T to II periods 
(simplified schemes) 


crystals should give rise to diffraction phenomena, just like the scat- 
tering of X-rays. Electron diffraction was actually observed soon after 
and is used at present for the study of the structure of substance just 
as widely as X-ray diffraction. Particularly, electron dilfraction is 
the underlying principle of the electron microscope. 

As the mathematical aspect of this new theory is very complicated, 
we Shall not dwell upon it. It should be noted only that the fundamen- 
tal equation of wave mechanics is an equation relating the wave length 
X of a stream of electrons to their velocity v and mass m: 


where h is the Planck constant, equal to 6.624 X107*™ erg Xxsec. 
Wave mechanics embraces a broader sphere of phenomena than the 
Bohr theory and therefore can solve a number of problems which are 
beyond the scope of the latter. 
For instance, wave mechanics explains why only certain definite 
electron orbits are stable. Only those orbits are “stable” which can 
accommodate a whole number of waves. Since the length of a circular 
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orbit of radius r equals 2 sr, the stability of the orbit is determined 
by the equation 


where n is an integer. This is the mathematical expression of Bobr's 
first postulate, on which he based his calculation of the motion of the 
electron in the hydrogen atom in 1913. 

In the above equation the factor n, called the principal quantum 
number, can take the value of any whole number from 1 to infinity. 

The principal quantum number defines the energy level correspond- 
ing to any given orbit and the distance of the latter from the nucleus. 
The value n=1 corresponds to the lowest energy level, designated 
by the letter K; the value n=2, to the energy level L, etc. 

Tt should be noted that present-day wave mechanics puts a differ- 
ent meaning into the word “orbit” than it had in the Bohr theory. 
Wave mechanics considers only the higher or lower probability of 
a swiftly moving electron being at any given point of space; there- 
fore in wave mechanics the word “orbit” means the field (sphere) 
around the nucleus in which the electron is found most often on the 
average. 

The probability of an electron being at a certain point can also be 
expressed by the conception of the electron atmosphere. The electron 
revolves around the nucleus so swiftly that its electrical charge can be 
imagined as “diffused” into an atmosphere of negative electricity. 
The density of the atmosphere is higher where the probability of the 
electron being present is greater. 

Thus, the conception of the electron orbit as of a definite line is 
Substituted in wave mechanics by the conception of the electron 
sphere or the electron atmosphere. For instance, the circular electron 
orbit in the hydrogen atom having the principal quantum number 
n = 1 corresponds to an electron atmosphere in which the density is 
greatest near a spherical layer of radius r = 0.53 Angstrom units, 
equal to the radius of the first Bohr orbit. The electron may be at a 
greater or smaller distance from the nucleus, but the probability of its 
being there will be lower. With n=2 the density of the electron 
atmosphere is greatest farther away from the nucleus, and so forth. 

Thus, the principal quantum number determines the mean radial 
arrangement of electron density around the nucleus. 

The state of the electron in the atom is characterized by three more 
quantum numbers, besides the principal one; these numbers are de- 
noted by l, m and s. 

The secondary (azimuthal) quantum number l characterizes the 
moment of momentum of the electron with respect to the centre of 
its orbit. It determines the shape of the electron atmosphere (the 
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shape of the orbit), its continuity or discontinuity and its elonga- 
tion. 

With each given principal quantum number n the secondary 
quantum number l can take all the values of the whole numbers 
from 0 to n— 1. Thus, if the principal quantum number n equals 1, 
the secondary quantum number I can equal only 0. In this case the 
electron atmosphere has the shape of a sphere (Fig. 280). 


Fig. 28. Electron clouds: 
a—hydrogen atom; b—hydrogen molecule 


If the principal quantum number equals 2, the secondary quantum 
number may have the values 0 and 1. With the principal quantum 
number equalling 3 the possible values of L are 0, 1, 2, and so forth. 

Quite often instead of denoting L by the figures 0, 1, 2, 3, 4, the 
literal designations s, p, d, f, g, are used; then we speak of the s, p, 
d, etc., states of the electrons, or the s-, p-, d-, etc., orbits. 

The magnetic quantum number m defines the position of the electron 
orbit plane in space or, according to the conceptions of wave mechan- 
ies, the direction in which the electron atmosphere is elongated. 
This number can take all the values of the whole numbers, both posi- 
tive and negative, but only within the limits of the L value. For in- 
stance, with L equalling zero, m also equals zero; if l equals three, 
m may equal —3, —2, 1,0, 1, 2, 3. 

However, the electron in the atom rotates not only around the 
nucleus, but around its own axis as well, two opposite directions of 
rotation being possible. This rotation of the electron (called “spin”) 
is characterized by the fourth, spin quantum numbers. The latter can 
take only two values—positive or negative—in accordance with the 
1wo possible directions of rotation of the electron. 

With the four quantum numbers indicated the entire aggregate of 
complex motions of the electron in the atom can be characterized. 
However, they do not give an exhaustive idea of the arrangement 
of the electrons in the atom, since the number of their random com- 
binations with each other is unlimited. 

By analysing spectra and taking account of the positions of the ele- 
ments in the Periodic Table, the physicist Pauli discovered a general 
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rule by which the combinations of quantum numbers corresponding 
to reality could be selected. According to this rule not a single atom 
can contain electrons identical in all respects. In other words, no 
two electrons in the atom can have all their four quantum numbers 
equal. 

Thus, for instance, only two electrons of different spins can be 
present on the first energy level (n= 1; l= 0; m = 0). 

The second energy level, corresponding to the quantum number 2, 
can contain two electrons with opposite spins in the s state or on 
the s-orbit (l= 0;m = 0) and two electrons on each of the p states or 
p-orbits (L=1, m = —1,0, 1). Thus, altogether the second energy 
level can contain 8 electrons (see Table 7). 


Table 7 
Arrangement of Electrons in Atoms of the Short Period Elements 


Layer Lo L M 
Principal quantum number n i 2 E) 
Secondary quantum number 1 0 0 1 0 } 2 
Literal designation of L 5 E+ p S p d 
4. HYdEOgen ssl = H 1 
ZAHM i 10 ay AE He 2 
A 11 Ye GU EU oA Li 2 1 
4. Beryllium. es Be 2 2 
BABOONS nd cies 2 Ak Met B 2 2 1 
Bar CALDONG So al xm bol) 3) C 2 2 2 
Re IN ARCOUBD es 6x 0F esd N 2 2 bs) 
Be OSTVEE ele ores (0) 2 2 4 
9. FIMOTIN@ id eas ie F 2 2 5 
10; MODE, cations 13.02 Ne 2 2 6 
AE SOA, oo er pa Na 2 2 6 1 
12. Magnesium . . . .| Mg 2 4 6 2 
13. Aluminium Al 2 2 6 2 1 
HAL SIHNCON aes one Si 2 2 6 2 2 
15. Phosphorus Lid 2 2 6 ঠি 8 
ES SHIDDOR 10 a eet S 2 2 6 2 4 
HL CDIONNG. a a7 072 Cl 2 2 6 2 5 
MS AELON Gest af a ies Ar 2 2 6 2 6 
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With the principal quantum number n = 3 the secondary quantum 
number lL can take the values 0, 1 and 2 (s, p and d) which correspond 
to the following values of m: 


with 1=0 m=0 
with 1=1 m=—1,0, +1 
With 12 MEL, —1,-0; 1) +2 


Since there can be two electrons in each m state, the total number 
of electrons that can be accommodated at the third energy level, 
corresponding to n=3, is 18 (Table 10 on pp. 163-5). In the same 
way it can easily be calculated that the fourth energy level (n= 4) 
cannot hold more than 32 electrons. In general, the maximum number 
of electrons N which can be contained at a given energy level mn, 
is determined, according to Pauli’s Rule, by the formula N=2n2, 
which we already know. 

The arrangement of the electrons in the atoms can be conveniently 
written in the form of short formulas as follows. First we write the 
figure indicating the principal quantum number; this is followed by a 
letter denoting the secondary quantum number, the number of elec- 
trons on each corresponding orbit being written as a superscript to 
this letter. Thus, for instance, the “electron formula” of the hydrogen 
atom is 1st, that of the helium atom—1s, of the lithium atom—1s?, 
251, of the oxygen atom—1s2, 282, 2p‘, of the neon atom—1s?, 252, 
2p6, of the aluminium atom—1s*, 252, 2p6, 35°, Spt, etc. 


CHAPTER V 


Structure of Molecules 


46. Chemical Bonds and Valency. As we know, the atoms of chemical 
elements differ in their ability to combine with a definite number 
of other atoms. To characterize this property, in the middle of the 
XIX century the conception of valency of the elements was introduced 
into chemistry. The meaning of this conception was indicated in 
§ 24. However, the nature of the forces governing the bond between 
atoms and molecules was for a long time unknown. Only after the 
development of the science of atomic structure did theories begin 
to appear explaining, on the basis of electronic conceptions, why 
elements have different valency and how chemical compounds are 
formed. All these theories are grounded on the existence of a relation 
between chemical and electrical phenomena. 

Let us first consider the relation of substances to electrical cur- 
rent. 

Some substances are conductors of electricity in both the solid 
and the liquid states; such, for instance, are all the metals. Other 
substances do not conduct current in the solid state, but are electri- 
cal conductors when melted. These include the great majority of salts, 
aS well as many oxides and hydroxides. Finally, there is a third 
group of substances which conduct current neither in the solid, nor 
in the liquid state. These are almost all the non-metals, their com- 
pounds with oxygen and other non-metals, anhydrous acids and 
most organic substances. 

The passage of current through fusions of salts and compounds 
resembling them is essentially different from the passage of current 
through metals. Whereas metallic conductors are only heated by the 
current, without their substance undergoing any chemical change, in 
fusions current causes profound changes, manifested by the appearance 
of decomposition products of the salt or salt-like compound at the 
electrodes immersed in the fusion. 

For instance, when current is passed through molten table salt 
the metal sodium is liberated at the cathode (the electrode connected 
to the negative pole of the source of electricity) and the gas chlorine, 
at the anode (the electrode connected to the positive pole). 
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It has been established by experiment that the electrical con- 
ductivity of metals is due to the motion of electrons, while the con- 


ductivity of fused salts and similar compounds is due to the motion 
of ions with opposite charges. For instance, when current is passed 


+ 
Na atom Nat lon 

++ 
Mg atom Mg*tion 

+++ 


Al atom Al*ttion 


Fig. 29. Structure of atoms and ions of 
sodium, magnesium and aluminium 


1 table salt, positively charged sodium ions Na’ move 


through molten 
chloride ions CI towards 


towards the cathode and negatively charged 
the anode; at the electrodes the ions are discharged and converted 


into electrically neutral atoms of sodium and chlorine. It is evident 
that in salts and salt-like compounds the ions exist in the solid 
substance, and fusion merely creates the conditions for them to move 
freely. Therefore such compounds are known as ionic compounds. 
Substances which practically do not conduct current, contain no ions; 
they are made up of electrically neutral molecules or atoms. Thus, 
the different attitude of substances to electric current is a consequence 
of different electrical states of the particles making up these 


substances. 


9851 
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The three above types of substances respond to three different 
types of chemical bonds, namely, a) metallic bonds (between particles 
forming metals); b) ionic bonds, otherwise called electrovalent bonds 
(between oppositely charged ions in ionic compounds); ¢) atomic, or 
covalent, bonds (between electrically neutral atoms in the molecules 
of all other substances). 

The nature of metallic bonds will be considered later in describing 
the metals. Here we shall dwell in greater detail on the other two 
ty pes. 


F ন — 


S atom S-- ion 


Cl atom CL” ion 


Fig. 30. Structure of atoms and ions of 
sulphur and chloride 


Tonic Bonds. This type of bond occurs between oppositely charged 
ions and is due to simple electrostatic attraction between the ions. 

As stated in § 44, positive ions are formed by atoms losing 
electrons, while negative ions result when atoms gain electrons. 

Thus, the ion Na* forms when one electron is abstracted from a 
sodium atom. Since there is only one electron in the outermost layer 
of the sodium atom, it is only natural to suppose that precisely this 
electron, which is the farthest from the nucleus, is split away from 
the sodium atom when the latter is converted into an ion. In a similar 
manner, magnesium ions Mg* * and aluminium ions Al* + form as 
a result of the loss of two and three outer electrons by the atoms 
of magnesium and aluminium, respectively. 

The structure of the atoms Na, Mg, Al, and the ions Na*, Mg* * 
and Al*+* js shown diagrammatically in Fig. 29. 

In Fig. 30 the electronic structure of sulphur and chlorine atoms 
is compared with that of the negative ions of these elements formed 
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by the addition of electrons to the corresponding elements. As the 
inner electron layers of the chlorine and sulphur atoms are filled, 
the additional electrons in the ions S77 and Cl" must evidently 
take up their positions in the outer layer, as Shown in the figure. 

Comparing the composition and structure of the electron shells 
of the ions Na*, Mg** and Al** +t, we find that they are identical 
in all these ions, namely, the same as in the atom of the inert gas 
neon Ne, and therefore can be expressed by the same electron formula: 


Y Tage sited 


At the same time the ions S7™ and CI" formed as a result of the 
capture of electrons by sulphur and chlorine atoms have the same 
electron shells as the argon atom. Therefore their electron formula is 
the same as for the argon atom: 


AS: 254, 2p dss, ApS 


Thus, in the above cases of conversion of atoms into ions the 
electron shells of the ions become similar to those of the inert gases 
closest to them in the Periodic Table. 

The present-day theory of valency attributes this to the fact that 
the electron groupings in the atoms of the inert gases (two electrons 
in the outer layer of the helium atom and eight electrons in the 
atoms of the rest of the inert gases) are especially stable. The stability 
of these groupings accounts for the inert gases not being capable 
of combining with other elements. Atoms with less than eight elec- 
trons in their outermost layer tend to acquire the structure of inert 
gases by losing their “excessive” electrons or by supplementing them at 
the expense of the electrons of other atoms to form an octet in their 
outer layer. This is what happens during the formation of the majority 
of chemical compounds consisting of ions. 

The formation of a chemical compound of the ionic type. from its 
constituent atoms can be pictured as follows. 

First the atoms are converted into oppositely charged ions as a 
result of electrons of one atom passing over to the other, after which 
the ions attract one another, forming a compound with ionic bonds. 

Suppose, for instance, that sodium atoms, which have only one 
electron in their outermost shell, encounter chlorine atoms which 
contain seven electrons in their outer shell. The sodium atoms yield 
their excessive electrons to the chlorine atoms, turning into singly 
positively charged ions with the electron configuration of the inert 
gas neon. Simultaneously, the chlorine atoms, having gained one 
electron each in their outer layers, become singly negatively charged 
ions with the structure of argon atoms. After this the ions thus 
formed are brought together by electrical attraction between the 
unlike charges, resulting in the salt sodium chloride (Fig. 31). 
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Denoting electrons by the letter e with a superscript minus sign (e7), 
the processes taking place during the formation of sodium chloride 
can be expressed by the following “electronic” equations: 


Na—e” = Nat 
Cl+e-=Cd- 
Na+ + Cl- =Na+Cl- (or NaCl) 


The formation of other ionic compounds can be explained in a 
similar manner. For instance, in the formation of magnesium sulphide, 
MgS, each magnesium atom gives away two electrons to a sulphur 


Na 
Fig. 31. Formation of sodium chloride 


atom. The result is a doubly positively charged magnesium ion 
Mg’ ™ and a doubly negatively charged sulphide ion S77. The ions 
thus formed attract each other, giving magnesium sulphide: 


Mg—2e- = Mg++ 
S+2e- =5S-- 
Mg++ 4+ S-- =Mg++5S-- (or MgS) 


In the formation of aluminium oxide Al»03 each aluminium atom 
gives three electrons away to oxygen atoms. Having only two defi- 
ciencies in its outer shell, each oxygen atom accepts two electrons. 
The result is triply positively charged aluminium ions AIF t+ and 
doubly negatively charged oxide ions O7™ with two aluminium ions 
for every three oxide ions. Attracting each other, these ions form 
aluminium oxide: 

(Al+++), (077), (or Al03) 


It should be noted that while the electron shells of all negatively 
charged ions resemble the shells of inert gas atoms, positively charged 
ions may have shells which differ from those of the atoms of inert 
gases. Such, for instance, are the electron shells of Fe*™, Fert, 
Zn’ * and many other positively charged ions. 

Valency of Elements in Ionic Compounds. The above conceptions 
of the mechanism of formation of ionic compounds lead to the con- 
clusion that the valency of elements in ionic compounds is characterized 
by the number of electrical charges on their ions. This is otherwise 
called electrovalency. 
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The electrovalency number is equal to the number of electrons 
lost by an atom in forming a positive ion or gained by it in forming 
a negative ion. In the first case the electrovalency is considered 
positive, and in the second negative. 

The ability of atoms to turn into positive or negative ions depends 
on the position of the corresponding elements in the Periodic Table. 
Atoms of the elements at the beginning of any period have a smaller 
nuclear charge than atoms of elements at the end of the period. 
In the first case the electrons are attracted less strongly than in the 
second; therefore, the tendency of atoms to change into positive 
ions decreases in each period, generally speaking, from left to right. 
Only atoms containing more than five electrons in their outer layer 
(atoms of non-metals) can become negative ions. Atoms with less 
than four electrons in their outer layer (with the exception of the 
hydrogen atom) can only give away electrons but, as far as we know, 
can never accept them. Such are the atoms of the elements we call 
metals. 

Electrons capable of splitting away from the atom during chemical 
reactions are called valency electrons. The number of valency elec- 
trons in an atom, as a rule, equals the group number of the corre- 
sponding element in the Periodic Table. 

Structure of Ionic Compounds. In considering the formation otf 
ionic compounds it should be remembered that all ions, with the 
exception of the hydrogen ion H™, which is a “naked” nucleus, i.e., 
one entirely devoid of electrons, possess a certain negatively charged 
electron shell. Consequently, when oppositely charged ions are 
brought very close together they begin to repel each other. At a certain 
distance the attraction is balanced by the repulsion and the ions 
remain at some distance from one another. 

If a large number of positive and negative ions are brought close 
together, the result is a crystal in which each ion of one sign is 
surrounded by ions of the opposite sign. Obviously, the conception 
of molecules is inapplicable to crystals made up of ions, i.e., to ionic 
compounds in general. For instance, in the case of common salt we 
can say that it consists of NaCl molecules only in a very conventional 
sense. Actually there are no such molecules in its crystals. The entire 
crystal consists of a large number of Na* and Cl- ions. NaCl mole- 
cules appear only in the vapours of common salt. Hence, strictly speak- 
ing, the formula NaCl does not depict the molecule of sodium chloride; 
it shows only that in this substance each atom or, more precisely, 
each ion of sodium, has one corresponding chlorine atom (chloride 
ion), which quite defines the composition of common salt by weight. 
However, in the future we shall conventionally use the term “mole- 
cule” for salts whenever we have to indicate the ratio between the 
number of positive and negative ions forming the salt. 
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All that has been said about NaCl crystals pertains also to the 
crystals of other ionic compounds. 

Atomic Bonds. The assumption of electrostatic attraction between 
oppositely charged ions being the reason for the appearance of 
chemical bonds is obviously inapplicable to molecules of simple 
Substances (hydrogen Hs, oxygen Os, etc.) as well as to molecules 
of substances formed from elements of close chemical properties, as 
it is difficult in such a case to assume the formation of oppositely 
charged ions. Therefore, with respect to such substances a different 
theory of formation was suggested, known as the theory of covalency. 
In developing this theory the chemical stability of inert-gas atoms 
was also taken into account, as well as the fact that the total number 
of valency electrons in the great majority of molecules is even (for 
example, in the molecule Os it equals 12, in the molecule COs, 16, 
etc.). 

According to the theory of covalency, when a molecule forms (just 
as in the case of ionic compounds), the atoms of the chemical elements 
acquire stable electron shells similar to those of inert gas atoms. 
However, this stability is not attained by transferring electrons 
from one atom to another, but by the formation of one or more 
electron pairs which become common to the combined atoms, i.e., 
belong to the electron shells of both the atoms simultaneously. It 
may be imagined that these “paired” electrons travel in orbits 
embracing the nuclei of both atoms, and in this way link the atoms 
into a molecule. 

A chemical bond which is due to the presence of electron pairs 
is called a covalent or atomic bond in contradistinction to the electro- 
valent or ionic bond based on electrostatic attraction between oppo- 
sitely charged ions. 

The supposition that pairs of electrons “serving” both nuclei are 
the reason for the formation of covalent bonds has found a proof 
in wave mechanics. The two positively charged nuclei may be con- 
sidered a'single nucleus with a larger charge than either of the origin- 
al ones. An electron moving about such a combined nucleus is retained 
more strongly than if it were moving about either of the original 
nuclei. This accounts for the fact that energywise the formation of 
covalent bonds is more advantageous. The new orbit of the electron 
in the molecule is called a molecular orbit. The motion of electrons 
in molecular orbits obeys the same Pauli’s Rule as their motion in 
atomic orbits. Therefore, there can be no more than two electrons 
on the same molecular orbit and these must have opposite spins. 
Electrons with the same spins cannot be on the same orbit. That 
is why each covalent bond is formed by one pair of electrons only. 

From the point of view of wave mechanics, the formation of a 
molecular orbit is a consequence of the “overlapping” of atomic 
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orbits. As a result of this overlapping the electron density in the 
molecular orbit (conceiving the latter as an electron atmosphere) is 
greatest between the nuclei. This means that in moving along their 
molecular orbit the electrons report most often in the space between 
the nuclei. This results in a kind of layer of negative electricity arising 
between the nuclei which helps them to approach one another. There- 
fore, the more the atomic orbits “overlap” in forming the molecular 
orbit, the stronger the bond. 

Covalent bonds in chemical formulas are denoted in the following 
manner. Around the symbol of each atom are placed as many points 
as the atom has valency electrons. The common electrons are indicated 
by points placed between the chemical symbols; a double or triple 
bond is designated respectively by two or three pairs of points. 
Using these designations, we can graphically depict the formation 
of stable shells by means of common electrons, as well as the structure 
of various molecules. By way of example we give below the schemes 
of formation of molecules of chlorine and nitrogen: 


0 ae 71 Cle ~~ :01: Cl: 
chlorine chlorine chlorine 
atom atom molecule 
NN. + -N: PAN 3/0:2AN: 
nitrogen nitrogen nitrogen 
atom atom molecule 


The outer shell of the chlorine atoms contains seven electrons. 
When chlorine atoms combine into a molecule two of their electrons 
become common; as a result, each atom acquires a stable outer shell 
of eight electrons, six belonging to each atom separately and two 
being common to both atoms. In the formation of a nitrogen molecule 
three pairs of electrons become common. Thus, the outer shell of each 
atom is filled to make eight electrons in each. 

The following formulas show the molecular structure of several 
complex substances—ammonia, Water, carbon dioxide and methane. 


En H:O:H :0:;C::0: H 
H:N: 5D carbon dioxide H:C:H 
be water 
H H 
ammonia methane 


In the ammonia molecule each of the three hydrogen atoms is 
bound to the nitrogen atom by a pair of common electrons (one 
electron from the hydrogen atom and one from the nitrogen). Thus, 
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the nitrogen acquires an eight-electron outer shell, while the nucleus 
of each hydrogen atom is now surrounded by two electrons, forming a 
stable “helium” shell. Hydrogen atoms have similar shells in the mole- 
cules of water and methane. In the carbon dioxide molecule, where 
the carbon atom is connected with each of the oxygen atoms by two 
pairs of electrons, all three atoms have octet outer shells. 

It will be noted that in the above formulas each pair of electrons 
linking two atoms corresponds to one line indicating a valency bond 
in ordinary structural formulas. Therefore, the valency, or to be more 
precise, the covalency of an element in a given compound is determined 
by the number of electrons of its atom used to form common or “linking” 
electron pairs. 

Quantum-mechanical computations show that only electrons with opposite 
Spins can become “paired” in the electric field of a nucleus (or nuclei). Hence, 
to form a covalent bond, each of the combining atoms must have at least 
one electron with a spin opposite to the spin {of the electron of the other 
atom. But in free atoms part of the valency electrons, namely, the electrons on 
one and the same orbit, are already “paired”, as their spins are opposite, accord 
ing to Pauli’s Rule (see p. 126). Obviously, such electrons cannot take direct 

art in the formation of a covalent bond. Therefore the valency (covalency) of a 
ree atom does not equal the total number of its valency electrons, but only the 
number of “unpaired” electrons. 

A study of the spectra of the elements has made it possible to establish which 
of the valency electrons in the atoms are “unpaired” and which “paired”. By way 
of example, the structure of the outer electron layer of the atoms of some of the 
second period non-metals (nitrogen, oxygen, fluorine) may be pointed out. We 
remind the reader beforehand that the energy level of the electrons in these atoms 
is determined by the main quantum number 2, and that with n=2 there can be 
only one s-orbit and three p-orbits. It should also be noted that the electrons in 
the p-orbits are always arranged singly, unless their number exceeds the number 
of orbits possible for the electron level in question. 

Denoting each of the above orbits conventionally by a rectangular cell and the 
electrons by arrows pointing in opposite directions in the case of paired electrons, 
the iE arrangement of the outer electrons in the atoms N, O, and F will be 
as follows: 


These diagrams show that from the standpoint of the spin theory of valency 
a nitrogen atom can form three covalent bonds, an oxygen atom—two, and a 
fluorine atom only one covalent bond. 
‘The orbital arrangement of the valency electrons in the carbon atom is shown 
in the diagram below (left). According to this diagram carbon should be only a 
bivalent element. However, if the atom loses only a relatively small amount of 
energy, the pair of s-electrons separates, one of them passing over to a p-orbit 
at the same energy level: 
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The energy loss is amply covered by the energy liberated duringithe formation 
of four covalent bonds. That is why carbon is tetravalent in the great majority 
of its compounds. 

Now let us consider the orbital arrangement of the valency electrons in the 
atoms of sulphur and chlorine, belonging to the third period. The valency electrons 
in these atoms are at an energy level corresponding to the principal quantum 
number 3, for which five d-orbits are possible, besides one s-orbit and three 
ESR But the d-orbits are energywise less advantageous than the s- and p-or- 
bits, so that all the valency electrons in “unexcited” sulphur and chlorine atoms 
are situated on the s- and p-orbits. It follows from the diagram given below that 
with such an arrangement the sulphur atom would be able to form only two, -and 
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the chlorine atom only one covalentbond. However, ifa certain amountof energy 
is expended (compensated by the energy liberated during the formation of the 
covalent bonds) the sulphur atom may pass into an “excited” state with four or 
six separated electrons, and the chlorine atom into a state with three, five or 


seven separated electrons. 
The corresponding valency values are actually observed in sulphur (2, 4 and 6) 


and chlorine atoms (1, 3, 5 and 7). 


Thus, covalent bonds between atoms in molecules are due to the 
presence of one or several pairs of common electrons. Since the for- 
mation of a covalent bond is not, as a rule, accompanied either by loss 
or gain of electrons in the atoms, it is evident that molecules with 
covalent bonds do not contain ions. However, if the atoms in the 
molecule are heterogeneous thecommon electron pairsmay bemoreinti- 
mately associated with one atom than with the other. For instance, in 
the compound of chlorine and hydrogen the common electrons are 
drawn towards the chlorine, as towards the element possessing the 
stronger non-metallic properties, in consequence of which the 
chlorine atoms acquire a partial negative charge and those of 


hydrogen a partial positive charge. 
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many reactions involving hydrogen chloride, the bond between the 
hydrogen and the chlorine is ruptured in such a way that the linking 
pair of electrons passes wholly over to the chlorine, which is split 
off as a negative ion. This may be expressed schematically in the 
following manner: 


njd- mn [4] 


(the dotted line indicates the point of rupture of the bond). On the 
contrary, in compounds of chlorine with fluorine, the bond between 
the chlorine and the fluorine may be so split that the chlorine is con- 
verted into a positive ion: 


OE ED 

In chemical practice it is often necessary to estimate not only the 
covalency of a given atom in compounds with atomic bonds, but also 
its relative charge due to displacement of electrons towards one or the 
other of the nuclei. This fact is indicated by stating, for instance, 
that the valency of chlorine in hydrogen chloride equals —1 and 
in chlorine fluoride, 1. 

Thus the conception of positive and negative valency is not limited 
to ionic compounds but can be extended to compounds with atomic 
bonds as well. 

The magnitude of the positive or negative valency of elements in ato- 
mic compounds depends on the charge their ions would acquire if each of 
the bonds broke up in such away that the electrons forming the bond were 
transferred completely from one of the atoms to the other in accordance 
with the position of those atoms in the Periodic Table. 

In deciding the direction in which the electrons are drawn, the 
following guiding principles should be used: 

1) Within the same period the electrons are drawn towards the 
element closer to the right end. 

2) Within the main subgroups the electrons are drawn towards the 
element closer to the top. 

3) Hf two identical atoms are combined directly the electrons will be 
divided equally between them when the bond is ruptured. 

4) Oxygen always displays negative valency (except when in com- 
bination with fluorine). 

5) In compounds with non-metals the valency of hydrogen is posi- 
tive. 

To illustrate the use of these rules let us consider the valency of 
sulphur in several of its compounds. 

In sulphuric anhydride SOs, the electrons are drawn towards the 
oxygen, as oxygen is above sulphur in the sixth group of the Periodic 
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In such cases the covalent bond is called “polar” in contradistinction 
to the “non-polar” covalent bond when the common electrons are 
equidistant from both atoms. If the combining atoms possess direct 
ly opposite chemical properties the electron pair may pass entirely 
over to one of the atoms, converting it into a negative ion andithe other 
atom into a positive ion, thus forming an ionic compound. 

The following scheme illustrates these three cases: 


: Cl: The bonding electrons are shared equally by both atoms. 


G 
H: Cl: The bonding electrons are drawn towards the chlorine atom. 


INaj [Cl :] ‘The electron pair has passed entirely over to the 
"ন chlorine atom. 


The state of atoms linked by a polar covalent bond approaches that 
of an ionized atom. For instance, in the HCI molecule the states of the 
atoms H and Cl are close to those of the ions H* and CI 
respectively. 

. Thus, all substances (except metals) may be divided according to 
the nature of the chemical bond between their atoms into two main 
groups: 

1) Substances with electrovalent or ionic bonds consisting of positive 
ly and negatively charged ions, held together by electrostatic attrac- 
tion. 

2) Substances with covalent or atomic bonds, the molecules of which 
do not contain ions. In such molecules the bond between the atoms 
is a result of interaction between electrons which become common 
to both atoms. 

Typical representatives of substances with ionic bonds are, as we 
have mentioned above, salts, basic oxides, etc.; the simple gases— 
hydrogen, nitrogen, oxygen—are typical representatives of substances 
with atomic bonds. No sharp line can be drawn between these two 
groups of substances. Firstly, there are many compounds which 
Contain both atomic and ionic bonds at the same time. Secondly, in 
compounds with atomic bonds the shared electron pairs may be drawn 
Strongly towards one of the atoms, making these compounds similar 
in some properties to typical ionic compounds. Therefore, the nature 
of the bond in any given compound can be determined only by exam- 
ining a considerable number of its properties and even then the 
nature of the bond remains disputable in many cases. 

Positive and Negative Valency of the Elements in Atomic C ompounds. 
The chemical behaviour of covalently linked atoms is determined to 
4 great extent by their relative charges. Thus, for instance, in very 
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many reactions involving hydrogen chloride, the bond between the 
hydrogen and the chlorine is ruptured in such a way that the linking 
pair of electrons passes wholly over to the chlorine, which is split 
off as a negative ion. This may be expressed schematically in the 
following manner: 


HCl: + [0:7 


(the dotted line indicates the point of rupture of the bond). On the 
contrary, in compounds of chlorine with fluorine, the bond between 
the chlorine and the fluorine may be so split that the chlorine is con- 
verted into a positive ion: 


Fd] +[:3:] 

In chemical practice it is often necessary to estimate not only the 
covalency of a given atom in compounds with atomic bonds, but also 
its relative charge due to displacement of electrons towards one or the 
other of the nuclei. This fact is indicated by stating, for instance, 
that the valency of chlorine in hydrogen chloride equals —1 and 
in chlorine fluoride, +1. 

Thus the conception of positive and negative valency is not limited 
to ionic compounds but can be extended to compounds with atomic 
bonds as well. 

The magnitude of the positive or negative valency of elements in ato- 
mic compounds depends on the charge their ions would acquire if each of 
the bonds broke up in such a way that the electrons forming the bond were 
transferred completely from one of the atoms to the other in accordance 
with the position of those atoms in the Periodic Table. 

In deciding the direction in which the electrons are drawn, the 
following guiding principles should be used: 

1) Within the same period the electrons are drawn towards the 
element closer to the right end. 

2) Within the main subgroups the electrons are drawn towards the 
element closer to the top. 

3) If two identical atoms are combined directly the electrons will be 
divided equally between them when the bond is ruptured. 

4) Oxygen always displays negative valency (except when in com- 
bination with fluorine). 

5) In compounds with non-metals the valency of hydrogen is posi- 
tive. 

To illustrate the use of these rules let us consider the valency of 
sulphur in several of its compounds. 

In sulphuric anhydride SOs, the electrons are drawn towards the 
oxygen, as oxygen is above sulphur in the sixth group of the Periodic 
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Table. Tf all the valency electrons are transferred from the sulphur to 
the oxygen, each oxygen atom gains two electrons and becomes an 
O07 ion, while the sulphur atom loses six electrons. Thus, the valency 
of sulphur in this compound equals 6 and that of oxygen, —2. 

In sulphur dichloride SCls the electrons are also drawn away from 
the sulphur towards the chlorine, as chlorine isattheright of sulphur 
in the same period and the charge on its atomic nucleus is one unit 
larger than that of sulphur. Each chlorine atom can gain only one 
electron. Therefore if all the common electrons are transferred from 
the sulphur to the chlorine, the sulphur atom will become an S°* * ion 
and the chlorine atom, a CI” ion. Hence, the valency of sulphur in 
sulphur dichloride equals +2 and that of chlorine equals —1. 

In phosphorus pentasulphide PS; the electrons are drawn from 
the phosphorus to the sulphur, inasmuch as sulphur is in the same 
period as phosphorus, but at its right. Since each sulphur atom 
can acquire two electrons, the transition of all the electrons forming 
the bond to the sulphur atoms converts the latter into negative 
S77 ions. At the same time, two phosphorus atoms lose ten electrons 
and form positive Ps* ions with five charges each. Thus, the valency 
of sulphur in phosphorus pentasulphide equals —2 and that of 
phosphorus 5. 

Now let us see how to calculate the magnitude and sign of the 
valency of an element in a complex substance consisting of several 
elements, if the valencies of the other elements in the substance 
are known. Suppose, for instance, we have to determine the valency 
of boron in borax, the formula of which is NasB 07. In this compound 
there are four boron and seven oxygen atoms for every two atoms 
of sodium. The valency of the sodium atom is 4-1, that of the oxygen 
—2. As the algebraical sum of positive and negative valency units 
of all the constituent atoms in any chemical compound must equal 
zero, we may write the following equation, denoting the number of 
valency units of the boron atom by z: 


2+45—7.2=0 
whence 
4z=12, and 2= +3 


In a similar manner we can easily calculate the valency of phos- 
phorus in phosphoric acid H3PO;, the valency of nitrogen in saltpetre 
KNOs, etc. 

‘The valency of the elements in simple substances is considered 
to equal 0. 

47. Polar and Non-Polar Molecules. All molecules contain both 
positively charged particles—atomic nuclei—and negatively charged 
—electrons. For each type of particle (or rather charge) a point 
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can be found to represent a sort of “electrical centre of gravity” ofithese 
charges. Such points are called the poles of the molecule. If the 
electrical centres of gravity of the positive and negative charges 
in the molecule coincide, the molecule is non-polar. Such, for ins- 
tance, are the molecules Hs, Ns, consisting of identical atoms in 
which the common electron pairs are shared equally by both atoms, 
and also many molecules of symmetrical structure with atomic bonds, 
such as methane CH; , carbon tetrachloride CCl,. But if the molecule 
is asymmetrical, for instance consists of two heterogeneous atoms, 


TET 


a ঠ 


Fig. 32. Polar and non-polar 
molecules: 
a—polar molecule; b—non-polar molecule 


the common electron pair, as we have already mentioned, may be 
drawn more or less towards one of the atoms. Obviously, in this case 
the electrical centres of gravity in the molecule do not coincide due to 
the non-uniform arrangement of positive and negative charges, and 
the result is a polar molecule (Fig. 32). 

Polar molecules are dipoles. This term denotes any electrically 
neutral system, i.e., any system consisting of positive and negative 
charges so arranged that their electrical centres of gravity do not 
coincide. 

The distance between the electrical centres of gravity of the diffe- 
rent charges (between the poles of a dipole) is called the dipole length. 
The length of a dipole characterizes the degree of polarity of the 
molecule. Obviously, different polar molecules have different dipole 
lengths; the greater this length, the more pronounced the polarity 
of the molecule. 

In practice the degree of polarity of any given kind of molecule 
is established by measuring the so-called dipole moment of the mole- 
cule m, which is defined as the product of the length of the dipole 1 
by the charge on its pole e: 

IU 


Dipole moment values are related to some of the properties of 
substances and can be determined experimentally. The order of m 
is always 1078, since the charge of an electron equals 4.80 x107 10 
electrostatic units and the dipole length is a value of the same order 
as the diameter of a molecule, i. e., 1078 cm. The table below gives 
the dipole moments of the molecules of some inorganic substances. 
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Dipole Moments of Certain Substances 


m.10!s m.10!* 
Hydrogen. is 633 NE AES 0 Mates si AR ET AE 1.85 
Nitrogen 4 4, TF BIMMTAVOE 0 Hydrogen chloride 1.03 
Carbon dioxide 0 Hydrogen bromide . . 0.79 
Carbon disulphide 0 Hydrogen iodide . 0.38 
Hydrogen sulphide Heed 4 Carbon monoxide LLL 0.12 
Sulphur dioxide. LL, 0; Hydrocyanic acid 2.1 


Determination of dipole moment values allows many interesting 
conclusions to be drawn regarding the structure of various molecules. 
Some of these conclusions are examined below. 


CEO EA 


Fig. 33. Structure of CO, and CS» molecules 


As might have been expected, the dipole moments of the molecules 
of hydrogen and nitrogen equal zero; the molecules of these Sub- 
stances are perfectly symmetrical, and therefore the electrical charges 
in them are arranged uniformly. The absence of polarity in carbon 
dioxide and carbon disulphide shows that their molecules are also 
Symmetrical. The structure of the molecules of these substances is 
Shown schematically in Fig. 33. 


Fig. 34. Structure of a water 
molecule 


The presence of a fairly large dipole moment in water is rather 
unexpected. The formula of water being analogous to the formulas 
of carbon dioxide and carbon disulphide, it might be expected that 
its molecules would be Symmetrical in structure, just like those of 
CS, and COs. However, in view of the experimentally established 
polarity of the water molecule this assumption must be discarded. 
At present an asymmetrical Structure is attributed to the water mole- 
cule (Fig. 34). The two hydrogen molecules are connected to the OXy- 
gen molecule with their bonds at an angle of about 105° to each other. 
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There are other molecules of the same type (HS, SO) which pos- 
Sess dipole moments with their atomic nuclei similarly arranged. 

The polarity of water molecules explains many of its physical 
properties. 

48. Polarization of Molecules and Ions. When considering the 
Structure of polar and non-polar molecules in the foregoing, we 
proceeded from the assumption that these molecules are not under 
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the action of any outside electrical forces. Such forces may change 
the internal structure of the molecules considerably, and therefore 
also their properties. Particularly, under the action of an external 
electrical field molecules which are themselves non-polar become 
temporarily polar. 

Indeed, suppose a non-polar molecule is placed between the two 
plates of a condenser (Fig. 35). Obviously, the charges of the plates 
will affect the arrangement of the charges within the molecule: the 
positively charged nuclei are attracted to the negative plate and the 
electrons to the positive. The result is a shift of the electrons with 
regard to the nuclei, and if prior to this the centres of gravity of 
the positive and negative charges coincided, they will now separate, 
making the molecule a dipole with a certain dipole moment. This 
phenomenon is called polarization of the molecule, and the dipole 
formed is called induced. If the external field is removed, the dipole 
disappears and the molecule again becomes non-polar. Ions can be 
polarized in an electrical field just like molecules (Fig. 36). 

Each ion bears an electrical charge, as a result of which it is itself 
af the same time an electrical field source. Therefore, in molecules 
consisting of oppositely charged ions the latter mutually polarize 
one another: the positively charged ion draws the electrons of the 
negatively charged ion towards itself and at the same time the nega- 
tive ion repels the electrons of the positive ion (Fig. 37). The ions are 
thus deformed, i.e., the structure of their electron shells changes. 
It follows, therefore, that the structure of ions combined in a mole- 
cule must differ considerably from that of the free ions. 
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The larger the charge on an ion, the greater its polarizing action, 
and with constant charge the polarizing action increases rapidly 
as the radius of the ion grows smaller; on the other hand, the de- 
formability of the ion thereupon decreases. Since positive ions are 
generally smaller than the negative ones, it is chiefly the negative 
ion that deforms upon the mutual polarization of two ions within 
a single molecule (Fig. 38). 
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Fig. 38. Polarization of negative ions: 


Effect on polarization: a—of charge on positive ion; b—of size of 
positive ion; e—otf size of negative ion 


The positive hydrogen ion has a strong polarizing action, as it is 
a nucleus (proton) of a very small radius entirely free of electrons. 
Due to the absence of an electron shell the proton is not repelled 
from negative ions and can approach them very closely. The defor- 
mation of the negative ions due to this proximity results in the proton 
penetrating, in a sense, into the electron shell of the negative ion, 
il. e., to the formation of a covalent bond. As we shall see in the 
following, a proton can penetrate the electron shell of certain elec- 
trically neutral molecules as well, converting them into complex 
positive ions. 

Investigation of the deformation of electron shells of ions has made 
it possible to get a deeper insight into the structure of chemical com- 
pounds and to explain a number of their physical and chemical 
properties. For example, the unequal deformation of negative ions 
accounts for the differences in the dipole moments of molecules of 
analogical structure, such as HCl, HBr and HI, the instability of 
certain acids and salts and a number of other chemical phenomena. 
A close relationship has also been found to exist between the de- 
formation of ions and the colour of their corresponding salts. 


CHAPTER VI 


Structure of Solid Substances 


49. Physical States of Substance. In the foregoing chapters we have 
become acquainted with the structure of atoms and molecules, the 
minutest particles, of which all substances consist. In order to get 
a complete picture of the structure of substance we have still to 
see how these particles are arranged in various substances, whether 
their arrangement follows any relationship or is haphazard and 
unorderly. For this purpose we must first consider the three phys- 
ical states of substance, namely, the gaseous, liquid and solid 
States. 

Gases are characterized by their ability to fill uniformly any volume 
placed at their disposal. This property of gases is due to the extra- 
ordinary mobility of their particles. That the particles of gases are 
at great distances from one another is confirmed by the high com- 
pressibility of gases. Under such conditions the mutual attraction 
between particles is very small and does not keep them from flying 
in all directions. The particles move so swiftly and unorderly that 
any regular arrangement is out of the question. 

Liquids dilfer from gases in that they occupy a definite volume 
at any given temperature. The very slight compressibility of all 
liquids shows that their particles are much more crowded than those of 
gases. Therefore, the mutual attraction between the particles is 
much more manifest and keeps them from flying apart. This accounts 
for the constancy of the volume of liquids. However, these forces 
are not large enough to keep the particles fixed. Liquids spread 
under the influence of gravity and thus have no shape of their own, 
always taking the shape of the vessel they occupy. Only when in 
very small quantities (drops) are liquids capable of retaining their 
own shape. Due to their incessant motion the mutual arrangement 
of the particles of a liquid is always changing and is generally just 
as unorderly as in a gas. 

Solids, contrary to liquids and gases, have a definite, independent 
shape and retain it regardless of their position. The particles of a 
Solid are so rigidly connected to one another that they cannot move 
from place to place. True, even in solids the particles retain some 
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motion, but in this case it is of the character of minute vibrations 
about definite points. 

From this brief review of the properties of substance in its various 
states it follows directly that the particles forming a substance can 
be expected to have a regular arrangement only in the solid state. 

50. Crystalline and Amorphous Substances. Most solids are crystal- 
line in structure. This can easily be verified by breaking a piece of 
substance and examining its fracture. Usually (for example in sugar, 


Fig. 39. Forms of crystals: 
a—common salt; b—alum; c—saltpetre 


sulphur, metals) tiny crystalline faces at various angles to each other 
can easily be detected on the fracture, sparkling due to various reflec- 
tion of light. If the crystals are very small the crystalline structure of 
the substance can be established by means of a microscope. There 
are solid substances whose fracture gives no indications of crystals. 
For example, if we break a piece of ordinary glass, its fracture will 
be found to be smooth and bounded, unlike the fractures of crystal- 
line substances, by curved instead of plane surfaces. A similar pic- 
ture is observed if pieces of pitch, glue and certain other substances 
are broken. All such substances are called amorphous (i. e., formless). 

Each crystalline substance usually gives crystals of quite a defi- 
nite form. For instance, common salt crystallizes in the form of cubes 
(Fig. 39a), alum as octahedrons (Fig. 390), saltpetre as prisms (Fig. 
39c), etc. Crystalline form is one of the characteristic properties 
of substances. 

The classification of crystalline forms is based on determination 
of the degree of symmetry of crystals. Various cases of symmetry of 
crystalline polyhedrons are discussed in detail in books on crystallog- 
raphy. It will suffice here to mention that all the varieties of crys- 
talline forms can be classed into six groups or crystal systems, which 
in their turn are subdivided into classes. These systems are known 
as: 1) regular (cubic), 2) tetragonal or rectangular; 3) orthorhombic, 
4) hexagonal, 5) monoclinic and 6) triclinic. 
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The system a crystal belongs to is determined by the relative 
arrangement of its crystallographic axes (coordinate axes drawn 
in a definite fashion within the crystal) and by the length of the 
intercepts of their faces. 
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Z Regular (Cubic) I. Tetragonal 


Prism Pyramid Prism Pyramid 
ZN. Orthorhombic ¥. Hexagonal 
V. Monoclinic W. Triclinic 


Fig. 40. Crystal systems 


Fig. 40 shows the simplest crystal forms, the prisms and pyramids 
of the various systems. 

In crystals of the regular system all three crystallographic axes, 
shown in Fig. 40 by bold lines, are at right angles to each other and 
the intercepts of their crystal faces are equal in length. This system 
includes the most symmetrical forms, such as cube, octahedron, etc. 

In crystals of the tetragonal system the crystallographic axes are 
also at right angles to each other; of the three intercepts of the faces 
two are equal in length, while the third is shorter or longer. Crystals 
of the tetragonal system are somewhat less symmetrical; they are 
usually drawn out in one direction. 


10% 
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The orthorhombic system is characterized by three axes at right 
angles and by unequal lengths of the intercepts on these axes. This 
system received its name from the fact that crystals belonging to 
it often have rhombic cross-sections. 

The hexagonal system differs from all the rest in its having four 
axes, three of which are in the same plane and inclined to each other 
at equal angles; the fourth axis is perpendicular to the first three; 
the intercepts on the axes in the same plane are equal. The cross- 
section of such crystals is often a hexagon. 

Crystals of the monoclinic system have three crystallographic axes, 
one of which is perpendicular to the other two, the latter forming 
an oblique angle. The intercepts of the axes are of unequal length. 
Crystals of this system are much less symmetrical than those of 
the foregoing systems. They can be divided into two symmetrical 
halves only by one plane. The greatest number of all the crystals 
investigated (above 42 per cent) belong to the monoclinic system. 

The triclinic system is characterized by three axes at dilferent 
angles to one another and by diiferent lengths of the intercepts 
on these axes. The forms belonging to this system are very diverse 
and the least symmetrical. 

Natural crystals, as well as crystals obtained by artificial means, 
rarely correspond exactly to the forms shown in Fig. 40. Usually 
during the solidification of a melted substance the crystals grow 
together and thus turn out to be incomplete. When a solid substance 
is crystallized out of solution the result is also mostly irregular crys- 
tals, distorted due to non-uniform growth during crystallization. 
However, no matter how unevenly the crystal has developed, no 
matter how its shape is distorted, the angle between the faces of a 
crystal of any definite substance is always constant. This is one of 
the fundamental laws of crystallography, known as the Law of 
Constancy of Interfacial Angles. Therefore, by the value of the in- 
terfacial angles in a crystal we can always establish its crystalline 
system and the class to which the crystal belongs. 


A thorough study of the properties of crystalline substances has shown that 
their peculiarities are not confined merely to external form. Although the sub- 
stance in a crystal is quite homogeneous, many of its physical properties, such 
as cohesion, thermal conductivity, attitude towards light, ete., are not always 
manifested identically in various directions inside the crystal; in other words, 
the properties of a crystal are vectorial.* 

For instance, if we cut two bars of equal thickness from a cubic crystal of 
common salt, one at right angles to the faces of the cube (see Fig. 41a), the other 
along the diagonal of one of its faces (see Fig. 415), and test the tensile strength 
of these bars, we shall find that if the first bar can be ruptured by force of 1 kg., 
the second bar will require a force of 2.5 kg. to rupture it. Obviously, in crystals 


* A vector is a value depending on the direction. 
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of common salt the cohesion between particles in the direction perpendicular to 
the cube faces is two and a half times less than in the direction of the diagonals. 

In many crystals the difference between the cohesion in various directions is 
50 great that when struck or broken they split along planes perpendicular to those 
in which the cohesion is the smallest. This property of crystals is called cleav- 
age. A good example of cleavage are mica crystals which split, as is commonly 
known, into very thin flakes. 
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Fig. 41. Bars cut out of crystals of common salt: Fig. 42. Plate 
a—ant right angles to cube faces; b—diagonally to of mica coated 
one of the cube faces with wax 


The attitude of crystals towards light is also an interesting point. In crystals 
of the regular ক light is propagated in all directions at the same rate; in 
crystals of all the other systems the velocity of light varies, depending on the 
direction. 

A similar relation is observed with regard to thermal conductivity. If, for 
instance, a plate of mica is covered with a layer of wax and then touched with 
the sharp point of a hot metal rod, the wax around the point will begin to melt, 
soon forming an ellipse-shaped melted spot (Fig. 42). This experiment shows 
that the mica plate conducts heat in different directions at different rates. Thus, 
one of the important peculiarities of crystalline substances is the vectoriality 
of their properties. 


The difference between crystalline and amorphous substances is 
especially pronounced in their attitude towards heating. While each 
crystalline substance melts at a strictly definite tem perature and passes 
back from the liquid to the solid state at the same temperature, 
amorphous substances have no constant melting point. When an 
amorphous substance is heated it gradually softens, then begins 
to flow and finally becomes quite liquid. Upon cooling it hardens just 
as gradually. It is impossible to establish the moment of transition 
of an amorphous substance from one state into the other. 

Amorphous substances have another peculiarity related to the 
absence of a constant melting point: many of them are fluid. just 
like liquids, i.e., are capable of gradually changing their shape 
under the prolonged influence of comparatively small forces. For 
instance, a piece of pitch placed on a flat surface in a warm room 
will flow in several weeks and acquire the shape of a disk; a glass 
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‘tube supported by the ends gradually sags, etc. The internal struc- 
ture of amorphous substances is also similar to that of liquids. It 
is characterized by an unorderly arrangement of its molecules. For 
this reason, amorphous substances are now regarded as liquids whose 
viscosity increases greatly upon cooling. Only crystalline substances 
are considered solids. 

In conclusion it should be noted that one and the same substance 
may be both crystalline and amorphous, depending on the conditions 
under which it passes into the solid state. In nature, for instance, 
silicon dioxide Si0s occurs as well-formed crystals of the mineral 
quartz (Fig. 43), but is found also 
in the amorphous state (the min- 
eral flint). If glass is repeatedly 
heated and cooled slowly it passes 


Fig. 43. Quartz crystal Fig. 44. Space lattice 


from the amorphous state to the crystalline or, as we say, it “devit- 
rifies”; such typically amorphous substances as glue have been 
obtained in distinctly crystalline form, etc. 

51. Internal Structure of Crystals. It was assumed long since that 
the external form of a crystal is but a reflection of its concealed 
internal structure, being due to regular arrangement of its particles— 
the molecules or atoms making up the crystal—at strictly definite 
points of space.* All these points taken together make up a so-called 
space (crystal) lattice of one form or another, which is the geometrical 
expression of the structure of a crystalline substance (Fig. 44). The 
points at which the particles are arranged are called lattice points. 

‘The truth of these conceptions was proved comparatively recently, 
only after it was established that X-rays are deflected upon passing 
through a crystal-and that the arrangement of the particles in the 
crystal can be judged by the extent of their deflection. After that 


* This idea was put forth by M. Lomonosov in his work “On the Birth of 
Saltpetre” (1749). 
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very accurate and convenient methods of investigating crystals by 
means of X-rays were developed, and these methods are now widely 
used at research laboratories and industrial plants, especially in the 
field of metallurgy. 

The use of X-rays for the study of crystals made it possible to deter- 
mine the character of the space lattices of many crystals. An important 
result of these studies was the discovery that the lattice points of 
many complex substances (for instance salts) are occupied by separate 
positively and negatively charged ions and not by molecules. 

In this connection four main types of lattices are distinguished: 
molecular, atomic, ionic and metallic. 

Molecular lattices are distinguished by the fact that their points 
are occupied by molecules. Such lattices are formed by compounds 
of non-polar or slightly polar types and generally by compounds 
with atomic bonds. 

The structural units of the atomic lattice are neutral atoms, cova- 
lently linked together. Lattices of this type are peculiar to certain 
simple substances, such as diamonds. 

Tonic lattices, in which positive and negative ions alternate in the 
lattice points, are characteristic of compounds of ionic build; they 
include almost all the salts, many oxides and some other substances. 

Metallic lattices are of a special structure. The points of such lat- 
tices are occupied by positive ions instead of neutral atoms, with free, 
very mobile electrons in the spaces between them. Metallic lattices 
will be dealt with in greater detail when considering metals. 

The difference between molecular, atomic and ionic lattices is not 
only due to the type of particles in them but to the nature of their 
interaction as well. The Coulomb forces acting between positively 
and negatively charged ions in ionic structures give rise to a much 
stronger bond between the particles than the forces linking electri- 
cally neutral atoms and molecules. That is why the melting point and 
hardness of ionic compounds are usually much higher than those 
of substances made up of polar or non-polar molecules. 

The strength of the bond between the particles forming a crystal 
is characterized by the work that has to be done to destroy the lattice 
and to remove its constituent particles to such distances from one 
another at which their interaction is negligible. This work is called 
the energy of the crystal lattice. It is referred to one mole of substance 
and is expressed in large calories. 

Thus, for instance, to decompose one mole of NaCl into free gase- 
ous ions 185 Cal. must be expended: 


[NaCl] = [Na]+ 4+ [C1]- —185 Cal. 


Obviously, during the formation of one mole of NaCl from free gase- 
ous ions the same amount of energy should be liberated. 
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The physical properties of a solid are in close relation to its crystal 
lattice type, i.e., to the type and nature of the bond between its 
structural units. This relation is shown in Table 8. 

Lattices may be very diverse in structure. The least part of a lat- 
tice which still retains all the characteristic features of its structure 
iS called a unit cell. In the general case this cell is in the shape of a 
parallelepiped and contains a definite number of particles. The entire 
crystal consists of a huge number of such cells adjacent to one another. 
Just as when bricks are laid next to one another the external shape 
of the building does not necessarily repeat the shape of the brick, 
S0 in the case of the crystal its shape does not at all necessarily deter- 
mine the form of its unit cell. However, the form of the unit cell can 
be judged by the nature of its crystallographic axes. 

Crystal lattices belonging to the regular system, in which the unit 
cell is a cube, have the simplest structure. 

Fig. 45 shows part of the cubic lattice of sodium chloride NaCl, 
namely, its unit cell, cut out of a crystal to give an idea of how its 
ions are arranged inside the crystal. The 
chloride and sodium ions are situated at 
the lattice points in such a way that each 
chloride ion is surrounded by six sodium 
ions and each sodium ion by six chloride 
ions. This will easily be seen if we imagine 
the lattice continued in all directions. It is 
a characteristic feature that the sodium and 
chloride ions are not connected to one anoth- 
er by pairs: there is nothing in the crystal 

LEFT Af oCl- which might correspond to a NaCl molecule. 

he | ্‌ The crystals of other salts are of a similar 
Fig. 45. Lattice of so- % 

Minh lords structure. Hence, it follows that the 
conception of molecules of gaseous sub- 

stances, which has a strictly definite meaning in chemistry, is 
inapplicable to solid crystalline substances forming ionic lattices. 

In considering the structure of salts and other compounds forming 
ionic lattices, we involuntarily begin to wonder whether these com- 
pounds can exist as molecules at all, seeing that their crystals con- 
SiSt of ions. In this connection it should be pointed out that deter- 
mination of the vapour densities of various salts at high tempera- 
tures shows that these vapours consist of molecules and not of 
ions. 

A very important value characterizing crystals is the lattice con- 
stant d, indicating the least distance between the centres of two adja- 
cent particles in the unit cell and determined usually by X-ray 
methods. The lattice constant of a cubic lattice can easily be calcu- 
lated if the edge length of the unit cube is known. For instance, the 
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, Table § 
Properties of Solid Substances with Various Types of Crystal Lattices 
Hen 
Crystal latticel | Melting hers 2 f Other properties এ 
type Structural units Huctnone NAT of crystals Examples 
stance 
lJonic Positive and| High High Hard, brittle;] NaCl, 
negative — ions dissolves more |K Br, CaF, 
readily in po- |Ba0 
lar than in 
non-polar sol- 
Vents 
Molecular,| Polar mole-| Low Low Low  hard-| H,0, PCls, 
formed by | cules ness;  usually|HCl, NH; 
polar mole- soluble in polar 
cules solvents 
Molecular, Non-polar Very | Extreme-| Very BOE: | Oa, Clas 
formed byl molecules low ly soluble in non-| Na, COs, 
non-polar low polar and very 
molecules slightly polar 
solvents 
Atomic Atoms con-| Very Low Usually very | Diamond, 
nected  cova-| high hard;  insolu-|SiC,  AIN, 
lently with one ble in most sol- | B,C 
another vents 


edge length a of the cube of a sodium chloride crystal, determined 
by X-ray methods, eq uals 5.628 Angstrom units, while the least dis- 
tance between the sodium and chloride ions equals half this value, 
i.e., d=2.814 Angstrom units. 

52. Determination of Radii of Atoms and Ions. The use of X-rays 
in the study of crystals makes it possible not only to establish the 
inner structure of the latter, but to determine the size of the atoms 
or ions forming the crystal as well. 

To make these calculations clear, suppose the particles constitut- 
ing the crystal are spherical in shape and contact each other. It 
may then be considered that the distance between the centres of 
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two adjacent particles equals the sum of their radii (Fig. 46). If 
the particles are atoms of a simple substance, the radius of an atom 
can be determined by measuring the distance between them, and will 
obviously be equal to one half the distance found. For instance, if we 
know that the lattice constant d of a metallic sodium crystal equals 
3.72 Angstrom units, we can find that the radius of a sodium atom 
d 
2 

Determination of the radii of various ions is somewhat more com- 
Plicated. In this case, the distance between the ions can no longer 
be divided in half, as the sizes of the ions are different. But if the 


T= 5 =1.86 Angstrom units. 


| d= Ti+T2 


Fig. 46. Adjacent particles 
in crystal 


radius of one of the ions r+ is known, the radius of the other r2 Can 
easily be found by subtraction: rs = d — rr. 

Hence, it follows that to calculate the radii of various ions from 
their crystal lattice constants we must know the radius of at least 
one ion. Then there is no difficulty in determining the radii of all the 
rest of the ions. 

The radii of fluoride and oxide ions (F— and O- -) have been deter- 
mined quite accurately by optical methods, and have been found 
to equal, respectively, 1.33 A and 1.32 A; these radii serve as the 
initial values for calculation of the radii of other ions. Thus, for 
instance, the lattice constant of magnesium oxide MgO was found 
to be 2.1 Angstrom units. Subtracting the radius of the oxide ion, 
we find that of the magnesium ion: 


2.4. 1.320,78 A 


The lattice constant of sodium fluoride equals 2.31 A; since the 


radius of the fluoride ion is 1.33 Angstrom units, the radius of the 
Sodium ion must be: 


2.81 — 1.33 =0.98 A 


Knowing the radius of the sodium ion and the lattice constant 


of sodium chloride, we can easily calculate the radius of the chloride 
ion, etc. 
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In fC way, the radii of almost all atoms and ions have been deter- 
mined. 

Table 9 gives a general idea of the magnitude of these values. 

These data show that the atomic radii of the metals are larger 
than those of their ions; with non-metals the opposite is true, the 
radii of the ions being larger than those of the atoms. 

However, the ionic radius values determined by X-ray measure- 
ment cannot be considered the true radii of the ions. Ions in crystals 
do not touch one another, but remain fixed at a certain distance from 
each other, at which the attraction and repulsion forces acting between 
them are balanced. Therefore, ionic radii determined by X-ray meth- 
ods are known as apparent or effective radii: they show only how close 
the centres of the ions can approach one another in the formation 
of crystals. 


Table 9 


Radii of the Atoms and lons of Some of the Elements 


« Element EE Of Radius of ion |Symbol of ion 
Sodium i.e ee cet 1.92 0.98 Nat 
Potassium 2.38 1.38 K+ 
Rubidium 2.51 1.49 Rbt 
Caesium . eee 2.70 1.65 LO 
Magnesium a. eee 1.60 0.718 Mg++ 
Calcio ces en Fle 1.97 1.06 Cat+ 
Barina ge 2.24 1.43 Ba++ 
Fluorine . 0.67 1.33 iy 
ChIOriNo, Ast 64428212 1.07 1.81 6S aud 
Bromine . . « seer 1.19 1.96 {: ) So 
TOAIDO. 03a Lol nH tories 1.36 2.20 J 
SUPRA OME 1.04 1.74 Bre 


Similarly, if the crystal consists of uncharged atoms, we find the 
effective atomic radit. 

Since the effective radii must be approximately proportional to the 
true radii, they can be used successfully to explain many of the 
properties of atoms and ions. 

In some of the simplest cases the radii of atoms or ions can be 
calculated from the specific gravity of the solid substance. 

The relative size of the ions forming a crystal greatly influences 
the structure of the space lattice. For instance, CsCl and NaCl, 
though very similar chemically, nevertheless form lattices of different 
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types, each positive ion in the first compound being surrounded by 
eight negative.ions, and in the second compound only by six. This 
difference is due to the difference in size of caesium and sodium ions. 
Certain considerations lead us to assume that the ions in a crystal 
must be arranged in such a way that each smaller sized ion fills 
the space between the larger ions, surrounding it as completely as 
possible, and vice versa; in other words, the negative ions, which 
are almost always larger than the positive, should be gathered as 
closely as possible around the positive ions; otherwise the system 
would be unstable. Since the radius of the caesium ion Cs* equals 
1.65 A, and that of the sodium ion Na* only 0.98 A, more CI- ions 
can gather around the first than around the second. 

The number of negative ions Surrounding each positive ion in a 
crystal is called the coordination number of the lattice. A study 
of the structure of various crystals shows the following coordination 
numbers to be the most common: 2, 3, 4, 6, 8 and 12. 


‘The coordination number depends on the ratio between the radii of the 0Si- 
tive and negative ions: the nearer this ratio is to unity, the larger the coordina- 
tion number. If we regard the ions as spheres arranged in the crystal so as tg 
attain the densest packing possible, we can calculate the coordination number for 
each radius ratio between iho positive and negative ions. 

‘The maximum coordination numbers calculated theoretically for several 
radius ratios are given below: 


Radius ratio Coordination number 
0.15 to 0.23 3 
0.23 to 0.41 A 
0.41 to 0.73 6 
0.73 to 1.00 8 


It can easily be seen that the coordination numbers found by this table for 
NaCl and CsCl correspond exactly to the actual arrangement of ions in the crys- 
tals of these substances. 

For instance, in the case of NaC] the ratio of the radius of the sodium ion 
(0.98 A) to that of the chloride ion (1.81 A) equals 0.98 : 1.81 = 0.54. This 
ratio is in the range 0.41 to 0.73; hence, the coordination number in the NaCl 
lattice must be equal to six. 


58. Isomorphism. Some substances of similar chemical nature, 
though different in composition, give crystals of exactly the same 
form, characterized by identical or almost identical space lattice 
constants. Such substances are called isomorphous (i.e., possessing 
the same form) and the phenomenon of the formation of identical 
crystals by substances having different compositions is called iso- 
morphism. 

A characteristic feature of isomorphous substances is their ability 
to crystallize jointly out of solution to form So-called mized crystals. 
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‘The latter contain variable quantities of the initial substances, de- 
pending on the concentration of each in the solution. Of course, 
other substances absolutely unakin to each other may also crystallize 
simultaneously from solution, but in this case the result will not 
be mixed crystals but a mechanical mixture of pure crystals of each 
of the substances present in the solution. 

A typical example of isomorphous substances are the various alums, 
double salts of sulphuric acid containing one univalent and one 
trivalent metal. If we dissolve a mixture of colourless aluminium 
alum, KAl (SO;)2-12 H,0, and intensively violet-coloured chrome 
alum, KCr (SO.):-12 H,O (Fig. 47), in water and leave the solution 


Fig. 47. Isomorphous crystals of 
aluminium and chrome alum 


to crystallize, mixed crystals will result containing both kinds of 
alum and having a pale or deep purple colour, depending on the 
proportion of the alums dissolved. Since mixed crystals are quite 
homogeneous, though of variable composition, they are known also 
as solid solutions. 

Another example of isomorphous substances are the salts KClO, 
and KMnO;, which form crystals in the orthorhombic system with 
almost identical corresponding angles between their faces. Many 
sulphate salts of bivalent metals containing equal numbers of mole- 
cules of hydration water are also isomorphous, for instance: MgS0;x 
X7TH20, ZnSO,-7 H20, NiSO,-.7 Hs0. Tsomorphism is rather wide- 
spread among minerals as well. For instance, galena PbS and silver 
glance Ags2S are isomorphous: natural galena crystals often contain 
Ags25, i.e., are essentially mixed crystals or solid solutions. 

If a green crystal of nickel sulphate NiSO,-7 Hs20 is suspended 
by a thread in a saturated solution of magnesium sulphate, these 
two compounds being isomorphous, the crystal will continue to grow 
in the solution and will become covered with a layer of colourless 
MgSO; -7 Hs20, just as if it were growing in a solution of nickel sul- 
phate. The growth of the crystals of one substance in the solution 
of another is a very characteristic feature of isomorphous substances. 
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types, each positive ion in the first compound being surrounded by 
eight negative.ions, and in the second compound only by six. This 
difference is due to the difference in size of caesium and sodium ions. 
Certain considerations lead us to assume that the ions in a crystal 
must be arranged in such a way that each smaller sized ion fills 
the space between the larger ions, Surrounding it as completely as 
possible, and vice versa; in other words, the negative ions, which 
are almost always larger than the positive, should be gathered as 
closely as possible around the positive ions; otherwise the system 
would be unstable. Since the radius of the caesium ion Cs equals 
1.65 A, and that of the sodium ion Na* only 0.98 A, more Cl ions 
can gather around the first than around the second. 

The number of negative ions Surrounding each positive ion in a 
crystal is called the coordination number of the lattice. A study 
of the structure of various crystals shows the following coordination 
numbers to be the most common: 2, 3, 4, 6, 8 and 12. 


The coordination number depends on the ratio between the radii of the posi- 
tive and negative ions: the nearer this ratio is to unity, the larger the coordina- 
tion number. If we regard the ions as spheres arranged in the crystal so as to 
attain the densest packing possible, we can calculate the coordination number for 
each radius ratio between the positive and negative ions. 

The maximum coordination numbers calculated theoretically for several 
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NaCl and CsCl correspond exactly to the actual arrangement of ions in the Crys- 
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For instance, in the case of NaC] the ratio of the radius of the sodium ion 
(0.98 A) to that of the chloride ion (1.81 A) equals 0.98 : 1.81 = 0.54. This 


ratio is in the range 0.41 to 0.73; hence, the coordination number in the NaCl 
lattice must be equal to six. 


53. Isomorphism. Some substances of similar chemical nature, 
though different in composition, give crystals of exactly the same 
form, characterized by identical or almost identical space lattice 
Constants. Such substances are called isomorphous (i.e., possessing 
the same form) and the Phenomenon of the formation of identical 
crystals by substances having different compositions is called iso- 
morphism. 

A characteristic feature of isomorphous substances is their ability 
to crystallize jointly out of solution to form So-called mized crystals. 
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The latter contain variable quantities of the initial substances, de- 
pending on the concentration of each in the solution. Of course, 
other substances absolutely unakin to each other may also crystallize 
simultaneously from solution, but in this case the result will not 
be mixed crystals but a mechanical mixture of pure crystals of each 
of the substances present in the solution. 

A typical example of isomorphous substances are the various alums, 
double salts of sulphuric acid containing one univalent and one 
trivalent metal. If we dissolve a mixture of colourless aluminium 
alum, KAI (SO;)s-12 H,O, and intensively violet-coloured chrome 
alum, KCr (SO.):-12 H,O (Fig. 47), in water and leave the solution 
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Fig. 47. Isomorphous crystals of 
aluminium and chrome alum 


to crystallize, mixed crystals will result containing both kinds of 
alum and having a pale or deep purple colour, depending on the 
proportion of the alums dissolved. Since mixed crystals are quite 
homogeneous, though of variable composition, they are known also 
as solid solutions. 

Another example of isomorphous substances are the salts KClO, 
and KMnO;, which form crystals in the orthorhombic system with 
almost identical corresponding angles between their: faces. Many 
sulphate salts of bivalent metals containing equal numbers of mole- 
cules of hydration water are also isomorphous, for instance: MgSO ,X 
xX 7Hs20, ZnS0;,.7 H20, NiSO,.7 H,0. Isomorphism is rather wide- 
spread among minerals as well. For instance, galena PbS and silver 
glance AgsS are isomorphous: natural galena crystals often contain 
Ags25, i.e., are essentially mixed crystals or solid solutions. 

If a green crystal of nickel sulphate NiSO,.7 Hs20 is suspended 
by a thread in a saturated solution of magnesium sulphate, these 
two compounds being isomorphous, the crystal will continue to grow 
in the solution and will become covered with a layer of colourless 
MgSO, -7 Hs0, just as if it were growing in a solution of nickel sul- 
phate. The growth of the crystals of one substance in the solution 
of another is a very characteristic feature of isomorphous substances. 
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The phenomenon of isomorphism was discovered in 1819 by the German chem- 
ist Mitscherlich, who noticed that salts of phosphoric and arsenic acids contain- 
ing equal quantities of water of hydration, such as NasHAsOs- 12H20 and 
Na,HPO,.12H,0, have almost identical crystal forms. Mitscherlich observed 
the same phenomenon in the case of other salts of similar types and came to the 
conclusion that substances containing equal numbers of atoms in their mole- 
cules and similar in chemical DFE orm identical crystal forms. 

The discovery of isomorphism played an important part in its time for the 
determination. of the atomic weights of some of the elements. Since, according 
to Mitscherlich, isomorphous substances should contain equal numbers of atoms 
in their molecules, then, knowing the formula of one of a pair of isomorphous 
substances we can determine the formula of the other, provided the composition 
of the latter has been ascertained. For instance, from the fact that potassium 
sulphate K2SO, and potassium selenate are isomorphous, Mitscherlich concluded 
that the formula of the latter is KsSe0,. Knowing the percentage composition 
of potassium selenate, Mitscherlich found the atomic weight of selenium. On the 
basis of the isomorphism of aluminium salts with salts of ferric oxide, the for- 
mula of which is Fes0;, it was concluded that the formula of aluminium oxide 
must be Al,0g. On fhe basis of this formula and the composition of aluminium 
Oxide it was established that the atomic weight of aluminium equals 27. 


The explanation of isomorphism and the formation of mixed 
crystals is that atoms or ions of approximately equal size and with 
equal charges can substitute one another in the crystal lattice without 
affecting its stability. The nature of the lattice depends to a con- 
Siderable extent on the size of the ions constituting it. Hence, it is 
not surprising that, for instance, KCl and KBr have almost identical 
lattices, since the radii of chloride and bromide ions are quite close 
to one another (1.81 A and 1.96 A, respectively). When dissolved in 
Water, the crystals of KCl and KBr break Up into separate ions (see 
Chapter XII). Therefore, a mixture of the solutions of both salts 
contains K*, CI" and Br” ions. If water is evaporated from such a 
Solution crystallization will set in at a certain moment: the ions 
recombine to form crystals, both negative ions CI and Br” taking 
part simultaneously in the building of each crystal. The result will 
be mixed crystals containing both Cl and Br ions (or, which is 
the same, KCl and KBr) in quantities depending on their relative 
contents in the solution. Thus, by varying the relative amounts of 
KCl and KBr in the solution, we can achieve a continuous transition 
from crystals consisting only of potassium chloride to crystals con- 
sisting only of potassium bromide. 

Tons with very different radii cannot substitute one another in 
crystals. For instance, sodium chloride and potassium chloride have 
lattices of the same type and are very similar chemically, but do not 
form mixed crystals because the radius of the potassium ion (1.33 A) 
is much larger than that of the sodium ion (0.93 A), and their lattice 
constants are absolutely different. Therefore, sodium chloride and 
potassium chloride are not isomorphous. 
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Thus, isomorphism consists in the fact that certain chemically 
similar substances form crystals of exactly identical form. The oppo- 
site phenomenon, when one and the same substance, depending on 
the conditions, crystallizes in different forms is called polymorphism, 
and substances possessing these properties are called polymorphous. 
Each crystal form of a polymorphous substance is stable only within a 
definite range of temperatures and pressures. 

A good example of polymorphous substances is sulphur. When 
melted sulphur solidifies slowly, long needle-like or prismatic crys- 
tals of the monoclinic system result. However, these crystals can 
exist for a long time only at temperatures above 96° C; at lower tem- 
peratures they gradually change into the orthorhombic crystals of 
which natural sulphur consists. In their turn, if the orthorhombic 
crystals are heated slowly above 96° C they change into monoclinic 
crystals (see § 120). 

There are also many salts which can crystallize in various systems. 
For instance, at ordinary temperatures ammonium nitrate forms 
crystals in the orthorhombic system; above 85° C these crystals 
absorb heat and change into crystals of one of the classes of the 
hexagonal system, and above 125° C, into crystals of the regular 
system. 

The phenomenon of polymorphism is widespread in nature. For 
instance, titanium dioxide TiO» occurs as the minerals rutile, brook- 
ite and anatase of different crystal structure; calcium carbonate 
forms the minerals: calcite, crystallizing in the hexagonal system, 
and aragonite, which belongs to the orthorhombic system, etc. 


CHAPTER VII 


Development of the Periodic Law 


All the theories of atomic structure and chemical valency, begin- 
ning with the theories of Rutherford and Bohr, are grounded directly 
or indirectly on Mendeleyev’s Periodic Table. However, the reverse 
is also true. The facts and relationships discovered in the process of 
the experimental and theoretical study of atomic structure have made 
it possible to get a deeper insight into the Periodic Law and the 
periodic system of elements. 

From the present-day point of view Mendeleyev’s Table gives a 
natural classification of the chemical elements, based on the struc- 
ture of the electron shells of their atoms. Therefore, to appreciate 
the great importance of the Periodic Table for chemistry, we must 
consider the electron structures of all the elements in greater detail, 
as well as the determinant influence of these structures on their chem- 
ical properties. Furthermore, we must establish the relation between 
the positions of the elements in the Periodic Table and the struc- 
ture of their atoms and ascertain the structural peculiarities of the 
atoms of the elements of the even and odd series. Finally, we must 
become better acquainted with the phenomenon of isotopy and with 
the modern definition of the concept “chemical element.” 

54. Atomic Numbers of the Elements. In discussing the theory of 
atomic structure we mentioned the relationship between the X-ray 
spectra of the elements and their atomic numbers. An investigation 
of this relationship led to the conclusion that the atomic number, 
determined by the position of the element in the Periodic Table, 
is one of the most important constants of the element, showing the 
number of positive charges on the nucleus of its atom. The nuclear 
charges on the atoms of all the elements were determined by means 
of X-ray spectra. The results of these determinations showed that 
in the Periodic Table the elements are arranged in strict sequence in 
order of increasing charges on the nuclei of their atoms. 

This discovery was additional proof of the correctness of the Peri- 
odic Table. At the same time, it removed the apparent contradiction 
in Mendeleyev’s system, namely, the fact that some elements with 
higher atomic weights had been placed before other elements with 
lower atomic weights (tellurium and iodine, argon and potassium, 
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vobalt and nickel). There proved to be no contradiction at all, as 
the position of each element in the Table is not determined by its 
atomic weight but by the charge on its atomic nucleus. Evaluation 
of the nuclear charges of tellurium and iodine showed that the charge 
on the first equalled 52 and on the second 53, so that tellurium should 
actually be before iodine, despite its greater atomic weight. Similar- 
ly, the nuclear charges of argon and potassium, nickel and cobalt 
were found to be in full agreement with the sequence of their ar- 
rangement in the Table. 

Thus, the charge on the atomic nucleus is the basic value on which 
all the properties of any element, as well as its position in the Periodic 
Table, depend. Therefore Mendeleyev’s Periodic Law is now for- 
mulated as follows: 


The properties of the elements are a periodic function of the nuc- 
lear charges on their atoms. 


The evaluation of the atomic numbers of the elements from their 
X-ray spectra was very important in one more respect. It made it 
possible to establish the total number of positions in the Periodic 
Table between hydrogen, the atomic number of which is one, and 
uranium (atomic number 92), which at that time was considered the 
last member in the Periodic Table. When the theory of atomic 
Structure was in its initial stage of development, the positions 43, 
61, 72, 75, 85, and 87, remained unoccupied, indicating the possible 
existence of still undiscovered elements. Indeed, in 1922 a new ele- 
ment hafnium was discovered which occupied the 72nd position; 
then, in 1925 the 75th position was filled with the element rhenium. 
As to the elements which were to occupy the remaining four blank 
positions in the Table, it must be said that despite several communica- 
tions in literature as to their discovery, there is no reliable proof of 
the existence of these elements in nature. Lately, however, all four 
elements were produced artificially and their chemical properties 
studied, in spite of the fact that the quantities obtained did not ex- 
ceed 1070 to10714gr. The new elements were called: technetium (No. 
43), promethium (No. 61), astatine (No. 85) and francium (No. 87). 
Thus, it may be considered that at present all the positions in the 
Periodic Table between hydrogen and uranium are filled. 

However, the periodic system itself is not complete, as is evident 
from the discovery of the so-called transuranium elements, i. e., 
elements following uranium according to the nuclear charge on 
their atoms. These elements will be discussed in greater detail in 

266. 

The substitution of atomic weights for nuclear charges or atomic 
numbers not only failed to break up the system, but, on the contrary, 
made it even stronger. At the same time, the sequence of elements 
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established by Mendeleyev remained unaltered, as it was in full 
agreement with the new basis of the system, namely the charges on 
the atomic nuclei. 

55. Electronic Structure of Atoms and the Periodic Law. The 
gradation in properties from element to element, as well as the 
seeming irregularities in the Periodic’ Table (such as the unequal 
numbers of elements in the periods, the close similarity of the four- 
teen so-called rare-earth elements and others), are consequences of the 
change in structure of the electron shells of the atoms. Therefore, 
before proceeding any further we must become acquainted with the 
arrangement of electrons in the atoms of all the chemical elements 
and see'by Table 10 how the electron layers grow and are grad- 
ually filled with electrons as the atomic numbers of the elements 
increase. 

In Chapter IV we discussed the arrangement of the electrons in 
the atoms of the first eighteen elements of the Periodic Table, i. e., 
the elements of the three short periods, and examined the schemes 
of their atomic structure (Fig. 27). It will be remembered that the 
electron layers in the atoms of these elements were filled up regularly 
with increasing atomic numbers: each subsequent element acquired 
one additional electron in its outer layer, or if that layer was already 
full, the new electron began the next layer. Thus, in the eighteenth 
element, argon, the first or K layer contains two electrons, the second, 
L layer, eight electrons and the third, M layer, also eight electrons; 
this information may be briefly recorded as follows: 


(e2s}) 


Spectroscopic data show that the electron layers of the atoms of 
108 period elements are filled in a more complex manner (see Table 

As the limit number of electrons in the outer layer equals eight, 
the first element of the fourth period, namely, potassium (No. 19), 
acquires a new layer, N, with one electron, although the M layer 
is capable of holding eighteen electrons. 

In the calcium atom (No. 20) one more electron is added to the 
N layer. Thereupon the addition of electrons to the N layer is tempo- 
rarily discontinued. 

From scandium (No. 21) to copper (No. 29), which marks the 
beginning of the second half of the fourth period, electrons are 
gradually added to the M layer, while the number of electrons in 
the outer, N layer, remains equal to two, and in the atoms of chro- 
mium and copper even drops to one. ‘ 


* The symbol @ denotes the atomic nucleus. 


Table 10 
Electron Arrangement in the Atoms of the Chemical Elements 


Chem- Number of electrons in: 
Atomic number and name of ical 
Period element sym- 
AES AEE N 9 | do 
I 15 BYStOgen a TAL H 1 fi 
AHURA one bs He |2 
il 9. Lithitny st, LR Li 21 
4. Beryllium), 4 LE Be 2/2 
5: Bor Pb LETS Bb 213 
6 GaSbon: |, BL SF bet [0 214 
fz. Nitrogen ot aS LN E N 2|5 
8. Oxyeenh AE 2 Lat [9] 2/6 
9. FiRGEInB OS a Ob F 27 
0 NOD MR EE PUCNG 102° 8 
IT #4. SOAK, BE Ls Na 218 1 
12. Magnesium Mg |2|8 2 
19. Aluminium ee Al 218 3 
fa, SISO ais. dl 2 hts ‘E Si 2.418: 4 
15. Phosphorus Pp 218 5 
46.-SDIOBUR a ae 5 2|8 6 
11. Chlorine Pe 3 AALS Cl 2|8 % 
48, ATUON NDE FB, PR Ar .|21|8 8 
IV 19. Potassium. ts K 218 8 1 
20. Calon: FLL LE) Ca 218] 8 2 
24, ScAndium 410. § 5c |2|8|8+1 2 
22, Titantun fe a8 48 Ti 21|8|8+2 2 
23. Vanadium i. ee Y 2 | 81843 2 
24. Chromium. 0 Cr ||218 |84+5 1 
25. Manganese . Mn 218 | 845 2 
28. TRONS Af RSL sh 05, tf Fe |2|8|8-+6 2 
21.. Cobalt Ant dR feb Co |2|8|8+7 2 
28. Nidkek ti ot) ate « Ni ||218 |8+8 2: 
29. Copper. ste al 2h ld Cu |2|8| 18 1 
30,. Doers EL AE IN Zn |2|8| 18 2 
HE GADD OIE Ga |2|8| 18 bi) 
32; Germanium V0... Ge ra E84) A 
SPEALAOALG A MIE, :|TAs |2|8| 18 5 
34. Selenium TL; Se |2|81. 18 6 
35.8 Bro ne: Al Rt obi ‘Br |2|8) 18 7 
{ B06 Krypton OL lh att Kr 12181 18 8 
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Number of electrons in 


Period Atomic DU bei name of Ee layer 
symbol| 
K|L M N [9) P Q 

Vv 37 RuDidIaMS ae lz Rb 21|8 18 8 S| 
38. Strontitm .. .dc..-~ Sr 2:8 | 148 8 2 
30. TUE ec 04244 Cacia XK 218 18 | 8+1 2 
40. Zirconium Zr 2|81 18 |8+2 2 
A NIobyONL ace os ih Nb | 218 18 | 84+4 1 
42. Molybdenum . . . Mo | 2|8| 18 | 8+5 1 
43. Technetium Te 128 48 84d 2 
44. Ruthenium . . Ru | 2|8| 18 | 8+7 1 
45. Rhodium Rh | 2|8। 18 |8+8 1 
46, Palladium. . Rd te 28} 48 8 0 
BLUE P08 Sn Rs doh: Ag | 218 18 18 1 
48. Cadmium od Ts CUB. 180 AB 0 
FER OUT RPT TATE In 2°81 48 18 ) 
BO PTO tec = rl 200 dat a3 Ea fracas has! Sn 2080 48 18 4 
Di ANTIMONY rove boss Sb | 2|8 18 18 5 
50, eM UEDN 5 scuba WS Ter 28- 48 18 6 
B39. Lode ts. 0 TAREE: 1 208-18 18 7 
BE. AORN Loy anne fe oa Xe 20-848 18 8 

VE MSE ORGSLUmMT FE A FT C85 2 8 480A AS 8 i 
56: Barium es nents Ba 2) 58) FAS, 18 8 2 
57. Lanthanum La 2| 8] 18 18 | 84+11| 2 
58. Cerium Eh Ce 2| 8| 18 |18+2| 8 2 
59. Praseodymium Ry 2| 8| 18 |118+3 8 2 
60. Neodymium Nd 2| 8| 18 |118+4| 8 2 
61. Promethium . Pm 2| 8| 18 118+5 8 2 
62. :S&mMaArium za Sm 2| 8| 18 |184+6 8 2 
63. Europium 12 IHL Eu 2| 8| 18 |18+7 8 2 
64. Gadolinium . Gd 2| 8| 18 118+7|8+1| 2 
65. Terbium 4 0; tb! 142.8 |, 18° 118° 8 2 
66. Dysprosium . . .. . Dy 2| 8| 18 |118+10)| 8 2 
67. Holmium Fol 21.8.1 4851844018 2 
68: /BIDIUM OE 18 Ls cs Er 2| 8| 18 |18+12| 8 2 
69: THUG 22th Tu 2| 8| 18 |18+13| 8 2 
TO: YEE DIOMAL Et Yb 2| 8] 18 |18+14 8 2 
{4 EHtCUUR oT 2 Be se Lu 2| 8| 18 |184+14| 84+1 2 
2 RADAR HAGUE + Ht 2:18 548 32 | 8+2। 2 
12. Fantslamn He a ts Ta AUG AM; 327-1:84+83 | 2 
T4 ADUngSteN ise. 2. N10 2118.) 480 fra 83 12 
15. Rhenium RS S48. Modder LBS 2 
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Table 10 (continued) 


nM PAE umber and he Che Number Ptr in 
RE SEE TEESE 
VI TO. ROSMAN Ena Ee Os 218] 18 32 | 84+6 2 
TL IOI et Safe re den Ir 2|8| 18 32 184-7 2 
TELA PID a of ag PL 1 2°]9 18 32 | 8+9| 1 
YO COLOR oe ta Sodan Au 208°) 18 32 18 1 
BOL MOTEREVY LAE 2 nd pe Hg rsa ME 32 18 2 
OY TALL, oe Sas net Tl 218 18 32 18 3 
B2> DOH ei ne. Pb 218 18 32 18 4 
BOS BISTOUERAS Po te Te OS Bi 218 18 32 18 a 
84. Polonium at et, st Po "ig Me 18 32 18 6 
B5- ASPREEDG! oN ee At "8 18 32 18 nL 
S60, RAdOW LS re tpn ats 18 Bn. |211,8 1 48 32 18 8 
VII BT. FISBDCION ee oes se Fr AB AB 32 18 8.14 
88.’ Radin ee Ra] 218] 18 32 18 82 
89. Actinium a. ee Ac | 2| 8| 18 32 18 |8+1|2 
0. Thorson Ae: act BE 20-8 46 32 18 84-22 
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93. Neptutium a. Le Np | 2| 8] 18 32: 1845.18: 12 
94. Plutonium . 2. ue Pu | 2| 8] 18 32 |18+6| 812 
95. Americium a... Am | 2| 8| 18 32 |18+7|812 
U6. CEPOL IS py FS MAS 211.58.) 48 32 1184-7 184+1| 2 
97. Berkoliom: a. 0 Bk 2| 8| 18 32 1184+918 12 
98. Californium . .. ‘| Cf | 2|8| 18 32 |118+10| 82 
99. Einsteinium . En | 2| 8| 18 32 |18+11 812 
400. Fermium eee Fm | 2| 8] 18 32 118+12] 8 |2 
101 Mendelevium ee Mv | 2| 8) 18 32 184138 |2 


The copper atom has eighteen electrons in its M layer and one 
electron in its N layer 
ed BUG "Ne 
le 2291 E8349 } 
Only now, when the M layer is complete (the number of electron 
units having reached the limit value), do the electrons begin to 
gradually fill the N layer, until their number in this layer reaches 
eight in the inert gas krypton (No. 36): 


{ KIDMAN 
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The electron layers in the atoms of the fifth period elements be- 
ginning with rubidium (No. 37) and ending with the inert gas xenon 
(No. 54) are filled in the same manner as in the atoms of the fourth 
period (see Table). Therefore the structure of the xenon atom is 


le—2 3-18 88) 


The sixth period contains thirty-two elements. Hence, between 
xenon (No. 54) and the next inert gas radon (No. 86), thirty-two 
electrons must be added. Their distribution among the layers takes 
place in the following order. A sixth electron layer P is started in 
caesium (No. 55), the next element after caesium, barium (No. 56), 
having two electrons in its P layer: 


HSL MN -O 2} 
(6 DEB (B18) 82 
Then, as in the two preceding periods, the building of the outer 


layer is temporarily discontinued and in the element lanthanum 
(No. 57) the new electron is added to the O layer: 


EES 


Lanthanum is followed by the rare-earth elements (lanthanides). 
In the atoms of these elements the number of electyjons in the outer 
layer P remains the same as in barium, but the N layer is built up 
to 92 electrons, ending with element No. 70, ytterbium: 

{ KERB SM NS 0 তৰ 
ED =2. 128018 820582 


After this, from lutetium (No. 71) to the end of the sixth period, 
the layers are filled with electrons in the same general order as in 
the two preceding long periods, the O layer being first built up to 
eighteen electrons (element No. 79), and then only the electrons 
being further added to the P layer, until their number in this layer 
reaches 8 in the inert gas radon (No. 86): 


Reb MN E02 
{le 39 8, — 1875-92. 248, 8" 


In the seventh period a new electron layer, the Q layer, is started, 
and is built up as far as the second member of the period, radium 
(No. 88). In the atom of the next element, actinium, the new electron 
enters the P layer. After thorium the electrons begin to fill the lower 
lying O layer, analogously to the lanthanide atoms in the sixth period. 

Thus, a new electron layer is built up in each period, and in the 
long periods the internal layers are completed besides. Therefore, 
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the quantity of electron layers in an atom equals the number of the 
period in which the respective element is situated.* 

The establishment of the structure of the atomic electron shells 

influenced the very structure of the Periodic Table, accounting for 
a number of changes in the earlier division of elements into periods. 
In earlier periodic tables the zero group used to be placed at the 
left of group one, so that each period began with an inert gas, hydro- 
gen remaining outside of any period. But now it became obvious that 
each new period.should begin with an element in which a new electron 
layer first appears in the form of a single valency electron (hydrogen 
and the alkali metals) and should end with the elementin which 
that layer contains eight electrons, forming the highly stable electron 
octet characteristic of the inert gases. This natural division of elements 
into periods led to the arrangement given in the Table on pp. 88-89, 
in which the zero group is placed after group VII at the right-hand 
side of the Table.** 
‘The theory of atomic structure also solved the problem of the 
position of the rare-earth elements (Nos. 58 to 71) in the Periodic 
Table. Owing to their great similarity these elements could not be 
distributed among the various groups. The data given in Table 10 
show that the difference between the atoms of these elements lies 
in the structure of their internal electron layers, while the number 
of electrons in their outer layers, on which the chemical properties 
of the elements chiefly depend, is the same in all. For this reason 
the rare-earth elements (lanthanides) are now placed outside the 
general Table, their position in Mendeleyev's Table being indicated 
in the box of element No. 57 (La). 

But the main significance of this theory was that it revealed the 
physical sense of the Periodic Law which had been rather vague in 
Mendeleyev’s time. A glance at the table of electron arrangement 
in the atoms of the chemical elements will convince us that as the 
charges on the atomic nuclei increase the same combinations of 
electrons in the outer layer of the atom keep constantly repeating 
themselves. Thus, the periodic gradation in properties of the chemical 
elements is due to periodic returns to the same electron groupings. 

56. Dependence of the Properties of the Elements on the Structure 
of Their Atoms. Now we can establish more precisely the dependence 
of the chemical properties of the atoms on the structure of their 
electron shells. Besides the number of electrons in each atom and 


* The palladium atom is an exception and has only four electron layers, 
there being no electrons in its 0 layer. 

**# Sometimes in present-day tables the zero group is combined with the 
eighth, in which case the zero group is regarded as the main EEO of the 
eighth group while the elements of the eighth group proper are considered to 
form a secondary subgroup. 
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their arrangement in the layers, we must take into account the re- 
lative size of the atoms, an idea of which is given in Fig. 48. 

First, let us consider the gradation in properties through each 
period. As was stated in § 82, within each period (except the first) 
the metallic properties, strongest in the first member of the period, 
gradually become less pronounced in the subsequent members, 
giving way to non-metallic properties: each period begins with a 
typical metal and ends with a typical non-metal, followed by an 
inert gas. 
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Fig. 48. Relative sizes of the atoms 


The regular gradation of properties of the elements through the 
periods can be explained as follows. As was indicated above, the most 
characteristic feature of metals, from a chemical point of view, is 
the ability of their atoms to part readily with their outer electrons 
and become positively charged ions, while non-metals, on the contra- 
ry, are characterized by the ability to gain electrons, forming nega- 
tive ions. 

‘To split an electron off an atom, making the latter a positive ion, 
a certain amount of energy must be expended; this energy is called 
the energy of ionization and is usually expressed in large calories 
per gram-atom of the element. 

The energy of ionization is determined by bombarding atoms in 
an electric field with fast electrons. The least field intensity under 
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which the velocity of the electrons becomes high enough to ionize 
the atoms is called the ionization potential of the atoms of the element 
in question and is expressed in volts. 

A simple relation exists between the energy of ionization and the 
ionization potential, making it possible to express the readiness of 
atoms to yield electrons either in large calories per gram-atom or 
in volts. ® 

The ionization potential is smallest in the elements at the begin- 
ning of each period, i.e., in hydrogen and the alkali metals, and 
largest in the elements ending the period, i.e., the inert gases. Its value 
can serve as a measure of the metallic properties of the element: 
the lower the ionization potential, the more easily the electron can 
be split off the atom and therefore the stronger the metallic properties 
of the element should be. 

The value of the ionization potential depends on three factors: 
the charge on the nucleus, the atomic radius and a special kind of 
interaction between the electrons in the electric field of the nucleus 
due to their undulatory properties. Obviously, the higher the charge 
on the nucleus and the smaller the atomic radius, the stronger is 
the attraction of the electron to the nucleus and the higher the ioni- 
zation potential. 

The nuclear charge of the elements increases gradually from the 
alkali metal to the inert gas of each period, while their atomic radius 
decreases. In consequence, the ionization potential gradually grows, 
and the metallic properties weaken. The ionization potentials of the 
inert gases are higher than those of the halogens, in spite of the fact 
that the atomic radii of the former are larger than those of the latter 
in the same period. This is due to the strong influence of the third of 
the above-mentioned factors, electronic interaction, which makes the 
outer electron shell of the atom of an inert gas especially stable from 
an energetic point of view, removal of an electron from this shell 
requiring the expenditure of a considerably greater amount of energy. 

The capture of an electron by the atom of a non-metal, converting 
its electron shell into the stable shell of an inert gas atom, is accom- 
panied by the evolution of energy. The amount of energy evolved 
calculated for one gram-atom serves as a measure of the so-called, 
electron affinity of the elements. The higher the electron affinity, 
the more easily the atom can gain an electron. The electron affinity 
of metallic atoms is zero, as the atoms of metals are incapable of 
gaining electrons. On the other hand, the electron affinity of non- 
metallic atoms becomes higher as they approach the inert gas of 
their period in the Periodic Table. Therefore,non-metallic properties 
become more and more pronounced towards the end of each period. 

In order to evaluate more exhaustively the metallic and non- 
metallic properties of the elements, a new concept, that of “electro- 
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negativity of an element,” has been suggested. The electro-negativity 
of an element equals the sum of its ionization potential and electron 
affinity expressed in the same units. Obviously, the higher the electro- 
negativity, the more pronounced the non-metallic properties of the 
element. 

Below are given the electro-negativities of the elements of the 
Short periods (except the inert gases), the electro-negativity of 
lithium being accepted as unity: 


H—2.1 
Li—1 Be—1.5 B—2.0. C72.5 N—3.0- 03.5. F—4.0 
Na—0.9. Mg—1.2 Al—1.5. Si41.8 P—-24 S5=-2.5 C—3.0 


Within each period the electro-negativity of the element increases 
with its atomic number. 

The transition from metallic to non-metallic properties in the 
elements of the short periods is connected also with the change in 
the number of outer electrons in their atoms, which increases regu- 
larly from one in the first member of the period to eight in the last. At 
the same time, the ability of the atoms to yield electrons (manifes- 
tation of their metallic properties) decreases and they acquire a capa- 
city for gaining electrons (non-metallic properties). 

Experiment shows that beginning with lithium, atoms having 
Small numbers of electrons (under four) in their outer layer are capable 
only of losing electrons, but never gain them. Such are the atoms 
of the elements we call metals. On the contrary, atoms with a larger 
number of outer electrons, though they can also lose electrons, gain 
them much more easily and the: more so; the more electrons they 
already have in their outer layer. This property is possessed by the 
atoms of the non-metals. 

In the long periods the gradation of properties is, on the whole, 
the same as in the short periods, only the metallic properties weaken 
much more slowly. This is due to the fact that the outer electron 
layer grows less regularly, since from the third member of the period 
to the end of its first half, the electrons build up the second last 
incomplete layer, while in the case of the rare-earth elements in the 
sixth period, it is not even the second last, but the third last layer, 
that is built up. Therefore the elements in the first half of the period 
have not more than two electrons in the outer layer of their atoms 
and are characterized by predominantly metallic properties (their 
electron affinity equalling zero). The atomic radii of these elements 
decrease very little and their ionization potentials hardly increase 
at all, as a result of which their metallic properties weaken very 
slowly. Only in the second half of the period does the number of 
outer electrons grow as consistently as in the short periods and the 
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metallic properties gradually give way to non-metallic. The period 
ends in an inert gas. 

‘The above relation between the structure of the atoms and their 
chemical properties is of very great interest. We see that it is mainly 
the electrons of the outer layer that influence the chemical properties 
of the atom. The structure of the second last layer influences the 
chemical properties much less. Thus, for instance, elements of long 
periods, in whose atoms the second last electron layer is being built 
up, differ comparatively little in chemical nature (e.g. Cr, Mn, Fe, 
Co, Ni). Yet, as the second last layer is filled with electrons, the 
properties of the elements change in a definite direction. Finally, 
the almost complete identity of properties of the rare-earth elements 
shows that the change in the number of electrons in the third last 
layer of the atom influences its chemical properties insignificantly. 
However, even here the increase in the number of electrons causes 
a gradual, though minute, change in properties, manifested, for 
instance, in the decrease in strength of the bases from element No. 58 
(cerium) to element No. 71 (lutetium). 

Vertically the Table is divided into nine columns, each containing 
the elements of a definite group. The group number corresponds to 
the maximum positive valency (known as the oxygen valency) which 
the elements of the group can manifest. If we compare this value 
with the arrangement of electrons in the atoms we can easily ‘see 
that in all the elements of the short periods (except oxygen and fluo- 
rine) that maximum valency is exactly equal to the number of 
electrons in the outer layer of the atom. 

The long periods are somewhat different in this respect. In the 
atoms of the short period elements the number of electrons in the 
second last layer equals two or eight. Having lost their outer elect- 
rons, these atoms become ions with the stable octet structure of the 
inert gases and, naturally, cannot lose any more electrons. In the large 
periods, however, only the first two members have eight electrons 
in their second last layer. In the atoms of the subsequent elements 
the number of electrons in the second last layer gradually increases 
until it reaches eighteen (in the first member of the second half of 
the period). But a layer of eighteen electrons proves to be almost 
as stable as the octet layer. Therefore, atoms with eighteen electrons 
in their second last layer (e.g. Cu, Zn, Ga, etc.) also turn into ions 
with stable shells when they lose their outer electrons. Thus, the 
maximum valency of atoms of the second half of each long period, 
which have eighteen electrons in their second last layer (just like 
that of atoms with two or eight electrons in their second last layer) 
equals the number of electrons in the outer layer.* 


# Exceptions are copper, silver and gold, whose maximum valency equals 
two and three, though their outer layer contains only one electron. 


172 Chapter VII. Development of the Periodic Law 


As to the rest of the elements of the long periods, which contain 
more than eight but less than eighteen electrons in their second 
last layer, they can lose part of the electrons of that layer besides 
their outer electrons, namely, the number necessary for the remaining 
electrons to form a stable octet shell. For instance, the element 
scandium (No. 21) can lose only three electrons, titanium four, 
vanadium five, etc. The total number of electrons which can be lost 
determines the maximum valency of these elements indicated by 
their group number.* 

Long before the appearance of the theory of atomic structure 
a definite relationship was found to exist between the maximum 
oxygen valency of an element and its hydrogen valency, the sum 
of these valencies always equalling 8. 

This relationship is easily explained from the standpoint of the 
electronic conception of valency. Since the atoms of all elements 
(with the exception of fluorine) are positively charged in oxygen 
compounds and negatively in their compounds with hydrogen, the 
oxygen valency is precisely the positive valency due to loss or dis- 
placement of valency electrons; on the other hand, the hydrogen 
valency is a negative valency manifested by the atom gaining the 
number of electrons needed to form an octet in its outer layer. It is 
clear that the sum of these two valencies must equal eight. 

It should be noted, however, that this rule pertains only to non- 
metals forming gaseous compounds with hydrogen. 

There are some metals which also form compounds with hydrogen, 
but these compounds are solids, not gases. In the latter the metal 
is charged positively owing to its lower electro-negativity, and the 
hydrogen is negatively charged. In this case the hydrogen valency 
iS a positive valency, and, of course, equals the oxygen valency of 
the metal. 

As was indicated in § 32, the elements of each group of the Periodic 
Table, beginning with the fourth horizontal series, are divided into 
two subgroups: an even subgroup, consisting of elements with pre- 
dominantly metallic properties, and an odd subgroup, containing 
elements with weaker metallic properties or with predominantly 
non-metallic properties. 

The difference in properties of the elements of the even and odd 
subgroups follows directly from the structure of their atoms. While 
there are never more than two electrons in the outer layer of the 
atoms of elements of the even subgroups, atoms of elements of the 
odd subgroups may contain as many as seven outer electrons. There- 
fore the elements of the even subgroups do not gain electrons, which 
characterizes them as metals. 


* This does not hold for the clements of the eighth group. 
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The odd subgroups also contain metals, but consist mainly of 
elements that gain electrons readily, i.e., of non-metals. 

The strengthening of the metallic properties of the elements of 
ihe main subgroups with increasing atomic numbers can also be 
easily explained by the structure of their atoms. Although their 
nuclear charge increases with their atomic number, the number of 
electron layers in their atoms increases simultaneously, as well as 
the repulsive action of those layers on the outer electrons. Their 
atomic radii also increase considerably, lowering their ionization 
potentials and, therefore, their non-metallic properties. 

57. Radioactive Elements and Their Disintegration. Up till now 
in considering the periodic system we have left aside the radioactive 
clements and their position in the Table. To elucidate this question 
we shall have to consider radioactive phenomena in greater detail 
than we did in Chapter IV. 

After the discovery of the radioactivity of uranium salts in 1896, 
ib was found that the compounds of thorium, radium, polonium, 
actinium and a number of other elements are also radioactive. Many 
of the radioactive elements occur in nature in almost imponderable 
quantities. Obviously, under such conditions their investigation 
meets with tremendous difficulties. FHowever, these difficulties have 
been successfully overcome and at present the chemical properties 
of almost all the radioactive elements have been determined expe- 
rimentally. 

Radioactive elements possess all the properties of ordinary ele- 
ments: they have quite definite atomic weights, form chemical com- 
pounds in accordance with their position in the Periodic Table and give 
characteristic spectra. But besides these properties, which are common 
to all the elements, they possess a specific capacity for radiating 
energy over long periods of time. 

The rays emitted by radioactive elements fall into three groups: 
alpha rays, beta rays and gamma rays.* 

The atoms of the radioactive elements are unstable and gradually 
disintegrate, forming new atoms, new chemical elements differing in 
properties from the parent elements (for instance the atoms of the 
metal radium break up into the inert gases radon and helium). The 
disintegration of the atoms is accompanied by the emission of alpha 
and beta particles, in quantities depending on the number of atoms 
disintegrating. The emission of gamma rays is a secondary phenom- 
enon usually caused by the beta rays, just like a cathode discharge 
striking the anticathode causes the emission of X-rays (§ 96). 


# Tt will be remembered that alpha rays are streams of helium ions bearing 
two positive charges each, beta rays are beams of electrons and gamma rays 
carry no charge at all, but, like X-rays, are electromagnetic oscillations prop- 


agated at the velocity of light. 
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The long-term radiation of energy by radioactive substances at 
first sight seems to contradict the Law of Conservation of Energy. 
Actually there is no contradiction at all, inasmuch as the source of 
radiated energy is the internal energy of the atoms, which decreases 
as they change into other atoms. 

The change of energy accompanying the disintegration of atoms 
of radioactive elements is much greater than the change of energy 
in ordinary chemical reac- 
tions. It has been calculated, 
for instance, that the complete 
decay of one gram of radium 
is accompanied by the libera- 
tion of 3.7x 108 Cal., i.e., 
approximately 500,000 times 
as much as during the combus- 
tion of one gram of coal. For 
this reason radioactive disin- 
tegration is practically not 
affected by the temperature 
and remains the same at the 
lowest and at the highest 
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active elements varies enor- 
mously. It is characterized by 
the so-called radioactive con- 
stant, indicating the fraction of the total number of atoms of the 
radioactive element actually present that disintegrates per second. 
The higher the radioactive constant, the faster the element disin- 
tegrates. 

The rate of disintegration does not remain constant in time. 
A study of the process of radioactive decay shows that the quantity 
of atoms of a radioactive element, breaking up at each given moment, is 
Proportional to the quantity of atoms actually present. It follows, there- 
fore, that if half the radioactive element present breaks up in 
the course of a certain period of time, half the remainder, i.e., half 
as much, will disintegrate in the next equal period; the amount 
that disintegrates in the period after that will be again half as much 
as in the previous period, etc. 

For instance, it has been established by Observing the change in 
quantity of radon, that one half of the initial amount remains after 
3.85 days, ‘/; after another 3.85 days, then !/s, etc. 

The rate of disintegration of radon is shown graphically in Fig. 49, 
Where the time is plotted along the horizontal axis and the quan- 
tity of radon along the vertical axis. The time necessary for half the 


Fig. 49. Rate of disintegration of radon 
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initial quantity of a radioactive element to decay is called its half- 
life period. This value characterizes the lifetime of the element. For 
various radioactive elements it varies over an immense range, from 
fractions of a second to billions of years. In particular, the half- 
life period of radium equals 1,580 years, i. e., any definite quantity 
of radium, whatever that quantity 
may be, diminishes to one half in 
1,580 years. 

58. Radioactive Series. Elucidation 2A 
of the nature of radioactivity led to 385d) 
the striking conclusion that elements YS 
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into a third element, and so on until 
it turns into an element incapable of ~~ £26.8mins 
further decay. A series of such elements 
is called a radioactive series. By way 
of example we may consider the changes 
taking place in radium. As we know, 132mins 
radium disintegrates to form radon, a aaooanues (0) LA 
radioactive element which breaks up 
in its turn, forming radium A. The 
latter is also radioactive and upon 
decay forms a succession of other radio- 
active elements—radium B, radium 
C, etc. The end product of this series 136.5 days 
is radium G, which is quite a stable ax 
element, identical in chemical proper- stable 
ties to ordinary lead. ~ 
The entire” process of successive Fig. 50. Diagram of transfor 


transformations of radium is shown mations of radium 
schematically in Fig. 50, in which the 

atomic weights of the elements, their half-life periods and the rays 
emitted during each transformation are indicated. 

Uranium, thorium, and actinium, which also possess radioactive 
properties, disintegrate in a way similar to radium. A study of these 
transformations has shown that radium is itself but an intermediate 
link in the long chain of transformation products of uranium, from 
which it originates according to the scheme in Fig. 51. 

At present. there are three series of natural radioactive elements 
known, the starting points of which are uranium, thorium and ac- 
tinium (see Appendix, p. 691). The end product of all three series is 
lead. Besides, recently a fourth radioactive series has been discovered, 
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which begins with the artificially produced element neptunium 
and ends with bismuth. 

The presence of lead in uranium ores leads to an interesting con- 
clusion regarding the age of our planet. Knowing the half-life periods 
of the radioactive elements in the uranium series, we can easily 
calculate the time needed for a certain part of the uranium to change 
into lead. The lead content in uranium ores constitutes an average 
of 20 per cent. If we calculate therefrom the time of its formation 


4S50g000000years 23.8days  1.15mins 2,000000years JO 000years LS80years 
Fig. 51. Diagram of transformations of uranium into radium 


from the ore we get 1,500 million years. But since the uranium ore 
cannot be older than the earth’s crust, the same figure shows the 
minimum age of the earth. 

59. Isotopes. The study of radioactivity enriched chemistry with 
the knowledge of a large number of new chemical elements. All these 
elements had to be arranged somehow in the Periodic Table. But there 
immediately arose a difficulty consisting primarily in the fact that 
the number of blank spaces in the Table was far smaller than the num- 
ber of radioactive elements. This led investigators to study the chem- 
ical properties of the radioactive elements, whereas prior to this they 
had been interested almost exclusively in their radioactive proper- 
ties. It was soon established that many of the radioactive elements, 
though of different atomic weights and radioactive properties, were 
practically identical in their chemical properties. For instance, 
ionium, one of the products of uranium decay, turned out to be chem- 
ically indistinguishable from thorium, radium B from radium D 
and radium G, etc. 

But if several elements possess identical chemical properties it is 
quite logical to place them in the same box of the Periodic Table. 
It was on these grounds that all the radioactive elements were arranged 
in the Table, seven radioactive elements falling, for instance, into 
the same box as lead. Groups of elements occupying the same posi- 
tion became known as pleiads and the elements constituting the ple- 
iads, and hence possessing identical chemical properties but differ- 
ent atomic weights, were called isotopes.* 


* From the Greek “isos”—the same and “topos”— place. 
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To comprehend the origin of isotopes we must turn to the trans- 
formations of radioactive elements and consider them from the stand- 
point of the theory of atomic structure. 

We know already that the transformations of radioactive elements 
are accompanied by the emission of alpha particles, i. e., helium 
nuclei possessing two positive charges, and beta particles or elec- 
trons; at the same time, gamma rays are also sometimes emitted. 
Since the atom of any element consists of a nucleus and electrons it is 
evident that the alpha particles can originate only in the nucleus. 
The same must be assumed concerning the beta particles which 
cannot be the electrons surrounding the nucleus, because in losing 
the latter the atom is merely converted into a positive ion, but does 
not become an atom of another element. At the same time, there are 
some radioactive changes which are accompanied by the emission of 
only beta particles. 

Hence arose the assumption that the nuclei of radioactive ele- 
ments are complex formations consisting of helium nuclei and elec- 
trons. Of course, since the nucleus as a whole is charged positively, 
the number of positive charges on it is greater than the number of 
electrons. 

60. Law of Shift. Now let us see how the properties of the elements 
change during radioactive transformations depending on the parti- 
cles emitted. The relationship observed in this connection is very 
simple and is known as the Law of Shift: 


An element formed from another element by the emission of alpha 
rays occupies a position in the Periodic Table in accordance with its 
chemical properties, two groups to the left of the parent element; 
an element formed by beta radiation is shifted one group to the right 
of the parent element. 


The Law of Shift follows directly from the theory of atomic decay, 
if we assume that not only alpha particles, but beta particles as well, 
are ejected from the nucleus. With the loss of an alpha particle the 
charge on the nucleus decreases by two units and therefore the atomic 
number also becomes two units smaller, as a result of which the 
element shifts two places to the left in the Periodic Table (for instance, 
radium is in the second group, whereas radon, derived from it, is 
in the zero group). On the other hand, the emission of a beta particle 
increases the charge on the nucleus by one, and the element shifts 
one position to the right.* 


* As new neutral atoms (and not ions) are formed during radioactive changes, 
it is evident that the emission of alpha particles by the nucleus of a radio- 
active element must be accompanied by a simultaneous loss of two electrons 
from the outer shell of the atom, and the emission of beta particles by a gain 
of one electron in the outer shell. 
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The table in Fig. 52 is a graphic illustration of the Law of Shift. 
The table shows the successive shifts of radioactive elements formed 
during the decay of uranium, thorium and actinium from group to 
group of the periodic system. 

The theory of atomic decay not only determines the position of 
the disintegration products in the Periodic Table, but makes it 
possible also to calculate their atomic weights. Indeed, when an 


Fig. 52. Shift of radioactive elements through the Periodic Table 


alpha particle is ejected from the nucleus, the mass of the nucleus, 
and therefore the atomic weight, decreases by four units, whereas 
the emission of beta particles practically does not change the mass 
of the atom as a whole, owing to the insignificant mass of these par- 
ticles. Thus, the atomic weight of an element formed by alpha ra- 
diation is four units less than that of the parent element, while 
the atomic weight of an element produced by beta radiation remains 
practically the same as that of the parent element. 

Tf the atom ejects first an alpha particle and then two beta par- 
ticles, the charge on the nucleus (and therefore all the properties 
of the element) remains unchanged, but the atomic weight becomes 
four units less, and thus we get an isotope of the parent element. 
In this way, for instance, we get the isotope RaG, or lead (No. 82), 
from RaD (No. 82). 

Establishment of the concept of isotopy made it possible, as stated 
above, to include all the radioactive elements in the Periodic Table. 
The radioactive isotopes constitute ten pleiads situated in the last 
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two rows of Mendeleyev’s Table. The arrangement of the pleiads in 
the groups of the Periodic Table is shown in Fig. 52. Seven pleiads 
consist of radioactive elements only; the other three have one non- 
radioactive element each. The typical elements of each pleiad are 
those that have the longest lifetime, i. e., are the most stable; these 
elements are indicated at the bottom of the table. All the members 
of each pleiad have the same nuclear charge and identical chemical 
properties, and differ from one another only in atomic weight and 
radioactive properties. The pleiads of lead and polonium contain the 
greatest numbers of isotopic elements. 

61. Isotopes of Non-Radioactive Elements. The possibility of 
existence of isotopes follows as a corollary from the theory of dis- 
integration of radioactive elements. But since most radioactive 
elements have been obtained 
in very insignificant, “impon- 
derable” quantities, the atomic 
weights of isotopes were cal- 
culated only on the basis of 
the law of radioactive decay o 
and could not be verified by 
direct measurement. 

In a short time, however, a Fig. 58. Canal rays 
real proof of the existence of 
isotopes was found. As has already been stated, the end product of dis- 
integration of uranium and thorium is lead. But the lead derived from 
uranium must have an atomic weight of 206, and that from thorium, 
908. Meanwhile, the atomic weight of ordinary lead is 207.2. This 
led scientists to investigate the lead which is always contained in 
uranium and thorium ores. After numerous, Very exact determina- 
tions the atomic weight of uranium lead was finally established to 
be equal to 206.1; the atomic weight of thorium lead proved to be 
equal to 207.97. Thus, both lead isotopes were found in nature. 
They were found to be exactly identical in all chemical properties to 
ordinary lead and to each other, and to differ only in atomic weight. 
Ordinary lead is mainly a mixture of the above two isotopes. 

After the discovery of the isotopes of lead there naturally arose 
the idea that other elements might also be pleiads of isotopes. This 
question was solved finally in 1922 when the English physicist Aston 
developed a new method of determining atomic weights, based on 
analysis of canal rays. 

Canal rays are formed in a cathode-ray tube if the cathode is placed 
in the middle of the tube and provided with apertures (“canals”). 
Tf current is passed through such a tube, beams of invisible rays are 
emitted from these apertures and travel in a direction opposite to the 
cathode discharge (Fig. 53). The particles of the canal rays are atoms 
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or molecules of the substances the gas in the tube consists of, which 
have lost one or several electrons, and are therefore positively charged. 
Taking advantage of the fact that canal rays are deflected in 
magnetic and electric fields, Aston constructed an apparatus which 
made it possible to determine the presence of isotopes in Various 
simple substances. This apparatus was called the mass spectrograph. 
is shown diagrammatically in Fig. 54. The canal rays 

as Ua NRE Parallel slits A; and As al en the electric field 


etween the two condenser plates Bi and Bs in the form of a narrow beam. Here 
the rays diverge, as the positively charged particles are deflected differently by 


Magnetic 
ield 


Lar 
Fig. 54. Diagram of mass spectrograph Fig. 55. Mass 
spectra of argon 

and krypton 


the charged plates of the condenser, depending on their mass, charge and veloci- 
ty. Part of the diverged beam is singled out by slit C and enters a magnetic field, 
the direction of which is such as to make the beam converge again. If all the par- 
ticles are of equal mass and charge and differ only in their velocity, the conver 
gent rays will form a distinct black line on the photographic plate D; but if 
the beam contains particles with different masses, a number of lines will appear 
on the plate, each corresponding to particles of a definite mass (Fig. 55). 

Aston called this system of lines a mass spectrum. Knowing the position of 
the lines for any definite substance the masses corresponding to the other lines 
can be found by comparison. 


Using his apparatus Aston undertook an investigation of various 
elements which showed that many simple substances are mixtures 
of isotopes. For instance, ordinary chlorine consists of two isotopes 
with the atomic weights 35 and 37, copper also of two isotopes of 
atomic weights 63 and 65; magnesium has three isotopes with the 
atomic weights 24, 25 and 26, etc. 

Thus, the previous idea as to the absolute identity of all atoms of 
the same element proved to be erroneous. Many simple substances 
were found to consist of atoms of various weights, and what we call 
the atomic weight of an element is but a certain mean value, the 
average weight of the atoms of the simple substance. It is remarkable 
that the atomic weights of all known isotopes, determined with an 
accuracy of 0.001, were found to be whole numbers. On these grounds 
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Aston made the following generalization which he called the rule of 
whole numbers: the true atomic weighis of all elements are whole 
numbers. All deviations of conventional atomic weights from whole 
numbers are due to the fact that many simple substances are mixtures 
of isotopes. 

The isotopes of one and the same pleiad are denoted by the usual 
symbols used for the corresponding elements with the addition of 
a superscript index in their upper right-hand corner, indicating the 
atomic weight of the isotope. Thus the isotopes of chlorine are de- 
noted by C25 and C1#7, the isotopes of magnesium by Mg*, Mg* 
and Mg, etc. 

At present all the chemical elements have been investigated for 
isotopes. It has been established that most elements are pleiads of 
isotopes and only very few of them have no isotopes at all. The 
number of isotopes in some pleiads is quite large; for instance, eight 
each have been detected for cadmium and tellurium, and ten for 
tin. The total number of known isotopes of only the non-radioactive 
elements has reached 250; if we add to this number the isotopes of 
the radioactive elements, both existing in nature and produced by 
artificial means (§ 266), the total number of discovered isotopes, i. e., 
types of atoms known to us, exceeds 400. 

Since the chemical properties of isotopes are practically identical, 
their separation is a very difficult problem. Still, making use of 
phenomena depending mainly on atomic masses, and not on their 
chemical properties, it has been found possible to partially separate 
several simple substances into isotopes. For instance, in 1921 two 
fractions of mercury, differing in atomic weight by 0.189, were 
obtained by fractional distillation. In 1932 two almost pure fractions 
of Nee and Ne?? were isolated from ordinary neon, and in 1939 the 
isotopes of chlorine were separated completely by repeated diffusion. 
At present a large number of isotopes of various elements have been 
obtained in the pure form by this method. 

It was stated above that the chemical properties of isotopes are 
practically identical. This means that even if there is any difference 
Detween the chemical properties of isotopes, it is so small that we 
have as yet been unable to detect it. An exception to this are the 
isotopes of hydrogen, H! and H?, discovered in 1932. Owing to the 
great relative difference between their atomic weights (one isotope 
is twice as heavy as the other) the properties of these isotopes are 
perceptibly dissimilar. In consequence of this, they have been separat- 
ed completely from one another by chemical means. The hydrogen 
isotope having an atomic weight of 2 is called deuterium and is 
denoted by a special symbol D. Deuterium is present in ordinary 
hydrogen in quantities of about 0.017 per cent. There is also a 
radioactive isotope of hydrogen Bs, called tritium (half-life around 
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twelve years) which can be produced only by artificial means. Triti- 
um has not been discovered in nature. 


Heavy Water. Upon the electrolysis of ordinary Water, which together with 
the molecules of HO contains an insignificant quantity of D310 molecules formed 
by the heavy isotope of hydrogen, the molecules decomposed are predominantly 
those of H,0. Therefore, if water is electrolyzed for a long time, the residue is 
gradually enriched in D0 molecules. By repeated electrolysis and distillation 
Lewis and MacDonald succeeded in 1933 in evolving from such a residue 8 small 
amount of Water consisting almost entirely of D,0 molecules, which was called 
“heavy water”. 

The properties of heavy water differ essentially from those of ordinary (light) 
water. 

Below are given some of the constants of ordinary and heavy water. 


H,0 D,0 
Molecular weight . . eee 18 20 
Freezing point, degrees C.. 0 3.82 
Boiling point, degrees C a 100 101.4 
Density at 20°C ae ee 0.9982 1.1056 
Maximum density temperature, degrees C 4 11.6 


Heavy water dissolves salts less readily than ordinary water. The difference 
in properties of heavy and ordinary water becomes especially distinct in chemical 
reactions; reactions with heavy Water are much slower than with light water. 
Investigation of the influence of heavy water on vital processes revealed its strong 
biological effect on certain Organisms. 

Heavy water has found practical application as a moderator in nuclear reac- 
tors (see § 267). 

Besides heavy water, many other compounds have been obtained containing 
deuterium instead of ordinary hydrogen. Such are, for example, heavy ammonia 
ND, heavy hydrogen chloride DC], ete. 

The production of heavy Water, as well as the separation of the isotopes of 
many elements, has founded a rapidly developing new field of chemistry, namely, 
the chemistry of isotopes. 

Isotopic Indicators. In the course of the past decade wide use has been made of 
so-called isotopic indicators or “labeled atoms” in the study of the mechanism of 
chemical and biological processes. Their use is based on the fact that in chemical 
transformations the paths of transition of any element we may be interested 
in can be traced by changing the concentration of one of its isotopes in one of 
the reactants. Since the behaviour of all the isotopes of the same element in 
chemical reactions is practically identical, the change in the isotopic composi- 
Rn of ne clement in the various reaction products makes it possible to trace 
its path. 

‘Two examples of successful solutions of disputable problems in organic 
chemistry by means of the new method are given below. 

1) For a long time in organic chemistry the mechanism of the reaction of 
saponification (hydrolytic splitting of esters into alcohols and acids) was a 
point of controversy. Two schemes are possible for this reaction, differing in 
the point of rupture and formation of the bonds. For instance, in the case of 
ethyl acetate: Kk 


CH,CO— 


bH = CH,CO—UH + C,H,0—H 0 
CH,COO— CAH; + HO |~H = CHCOO—H + C,H,—0H (ID 
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The question as to which of these schemes was the right one was solved simply 
and unambiguously by employing for the reaction water which contained 
an increased amount of the heavy oxygen isotope 0%. The heavy isotope of oxy- 
gen (denoted in the equations by an asterisk) should pass into the acid according 
to equation I and into the alcohol according to equation II. The latter equation 
was excluded as when the alcohol obtained eas, Pent the resulting water was 
of normal density, i. €., the alcohol did not contain any heavy oxygen isotopes. 

2) The use of the heavy oxygen isotope Ov in studying ithe assimilation of 
carbon dioxide by plants (in the experiments carbon dioxide and water enriched 
in O83 were used) indicated that it proceedes according to the equations: 

“ % 
6C0, + 12H,0 — C.Hi,0, + 6H0 +60; 
# * F 
6C0, + 12H,0 — CsHi205 + 6H 0 + 60, 


Thus it was established that the oxygen returned by plants to the atmosphere 
comes entirely from the water and not from the carbon dioxide. 
The applications of this new method of investigation were greatly extended 


after the discovery and production of a number of isotopes of radioactive ele- 
ments (§ 266). 


Investigation of the elements by Aston’'s method soon revealed 
that besides atoms of different weights forming a single pleiad of 
isotopes there also existed atoms of equal weights belonging to 
different pleiads and therefore having different nuclear charges. 
Examples of these are: Art, K and Cao, Crest and Fest, Cd? and 
Sn!'® and others. Atoms with equal weights but different chemical 
properties are called isobars. The existence of isobars is especially 
graphic evidence of the fact that the mass of the atom does not 
determine its chemical properties, and that the main value on which the 
properties of the atom depend is the charge on its nucleus. 

The discovery of isotopy called for a revision of the chemical 
element concept. As has already been indicated, the concept “chemi- 
cal element” had recently been almost identified with the concept 
“atom.” It was thought that there were as many chemical elements 
as different kinds of atoms. But now, with the discovery of isotopes, 
the number of different types of atoms had increased to approximately 
250 (not counting the isotopes of the radioactive elements) and may 
continue to increase. Naturally, there arises the question whether 
isotopes of the same pleiad should be considered separate elements or, 
as previously, the same element. Many considerations (identity of the 
chemical properties of isotopes, difficulty of their separation and 
others) favour the latter treatment. That is why the International 
Comnittee on Atomic Weights resolved, as far back as 1923, to 
consider that a chemical element is determined by its atomic number 
and may consist of atoms of either identical or different weights. 
Elements consisting of identical atoms are usually called “pure”, 
and those consisting of atoms of different weights—“ mixed” elements. 

Thus, a chemical element is a species 0f atoms characterized by a 
definite positive nuclear charge. 


CHAPTER VHiI 


Chemical Kinetics and Chemical 
Equilibrium 


Chemical kinetics is the branch of chemistry that deals with the 
velocities of chemical processes. This chapter is a brief review of the 
fundamentals of chemical kinetics. 

62. Rate of Chemical Reactions. A study of chemical reactions 
shows that they can take place at very different rates. Sometimes 
the reaction takes place so rapidly that it may practically be con- 
sidered instantaneous; such, for instance, are many reactions between 
salts, acids and bases taking place in aqueous solution, or reactions 
which we call explosions. In other cases the rate of reaction is so small 
that it would take years or even centuries for a perceptible amount of 
the reaction products to form. 

The rate of velocity of a reaction is measured by the change in con- 
centration of the reactants per unit time. 

Concentration is the quantity of substance per unit volume. In 
measuring reaction rates concentrations are usually expressed as the 
number of moles of a substance contained in one litre. 

Suppose that at a certain moment of time the concentration of one 
of the reactants was two moles per litre and a minute later became 
1.8 moles per litre, i. e., diminished by 0.2 mole. The decrease in con- 
centration shows that of the quantity of the substance in question 
contained in one litre, 0.2 mole reacted in the course of one minute. 
Hence, the change in concentration can serve as a measure of the 
quantity of substance which underwent transformation per unit time, 
i. e., a measure of the velocity of the reaction. On these grounds, the 
reaction rate is expressed as the number of moles per litre trans- 
formed per unit time. In the above case the reaction rate equals 


0.2 mole per minute. Since substances react in equivalent quantities,’ 


the rate of reaction can be determined by the change in concentration 
of any of the reactants. 

The velocity of each reaction depends on the nature of the reactants, 
on their concentration and on the conditions of the reaction (tem- 
perature, pressure, presence of catalysts). 

The dependence of the reaction rate on the concentration of the 
reactants can easily be understood if we proceed from molecular-kinetic 
conceptions. By way of example let us consider a reaction between 
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two gaseous substances mixed in a known volume at a definite tempera- 
ture. 

The gas molecules travelling in all directions at rather high veloc- 
ities inevitably collide with one another. They can interact, obvious- 
ly, only when they collide; hence, the more often the molecules col- 
lide, the sooner the initial substances will be converted into new Ones, 
and the higher will be the rate of reaction. But the frequency 
of collision between the molecules depends primarily on their number 
per unit volume, i. e., On the concentrations of the reactants. 

It must not be thought that each collision between molecules 
necessarily leads to the formation of new molecules. The kinetic 
theory makes it possible to calculate the number of collisions taking 
place per unit time at any given concentration and temperature of 
the reactants; experimental determination of reaction rates, on the 
other hand, shows how many molecules actually undergo change 
during the same time interval. The latter number is always less than 
the former. Evidently, there are certain more “active” molecules, 
which possess more energy than the rest at the moment of collision. 
Chemical interaction takes place only when such active molecules 
collide, other molecules flying apart unchanged after collision. But no 
matter what the relative quantity of active molecules in each separate 
case, their absolute number per unit volume, and hence the number 
of effective collisions, increases with the concentration, which means 
that the reaction rate also increases. 

Now let us attempt to establish a quantitative relationship between 
the velocity of reaction and the concentrations of the reactants. 
For this purpose we shall consider a concrete reaction, for instance the 
formation of hydrogen iodide from iodine and hydrogen: 


H+ l.=2HI 


Suppose we mixed equal volumes of hydrogen and iodine vapours 
in a vessel at a certain temperature and compressed the mixture 
until the concentration of each gas became equal to 0.1 mole per 
litre. The reaction sets in. Let 0.0001 mole each of Ho, and Is be 
converted per minute into HI, i. e., let the rate of reaction be 0.0001 
mole per minute. If we increase the concentration of one of the gases, 
say hydrogen, two-, three- or fourfold (by introducing the correspond- 
ing quantity of the gas into the same vessel), the number of collisions 
between the Hs, and Is molecules per unit time will obviously also 
increase the same number of times and therefore the rate of the 
reaction between them will also increase that number of times. Tf the 
concentrations of both gases are increased simultaneously, say, one 
twofold and the other fourfold, the reaction rate will increase eight- 
fold and will become equal to 0.0001 x2 xX4= 0.0008 mole per 
minute. Thus, we come to the following conclusion: 
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The rate of a chemical reaction is proportional to the product of the 
concentrations of the reactants. 


This very important principle was established in 1867 by two 
Norwegian scientists Guldberg and Waage and is known as the Law 
of Mass Action or the Law of Acting Masses. 

Passing over to a mathematical expression of the Law of Mass 
Action, we shall begin with the simplest reactions in which, as is the 
case with the formation of HI, one molecule of one substance reacts 
with one molecule of another. Since we are now interested only in the 
substances entering into the reaction, we can express Such reactions 
by the general equation: 


A+B=C 


Denoting the concentrations of the substances A and B respec- 
tively by [A] and [B], and the reaction velocity at those concentrations 
by v, we get: 

v=K xX [A] x [B] 


Where K is a proportionality factor, called the velocity constant which 
remains invariable for any given reaction at a given temperature and 
characterizes the influence of the nature of the reacting substances on 
he rate of the reaction between them. 
Tf we put in the above equation [A] = 1 and [B] = 1, then 


VK 


Hence, it can be seen that the velocity constant K numerically 
equals the reaction rate when the concentrations of the reactants 
(or their product) equal unity. 

The expression for the reaction rate has a somewhat different form 
when the number of molecules of one of the substances taking part 
in the reaction is greater than one, for instance: 


2A+B=D or A+A+B=D 


For this reaction to take place, two molecules of A must collide 
Simultaneously with one molecule of B. Mathematical analysis shows 
that in such a case the concentration of A must appear twice in the 
rate-of-reaction equation: 


v=K x [A] x [A] x [B]=Kx[A]* x [B] 


In the general case, when m molecules of A react simultaneously 
with n molecules of B, the rate-of-reaction equation has the form: 


v=E x [A]" x [B]* 
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The above may be illustrated by the following concrete examples: 


H+ 1,=2HI v=£ [H,]- [1] 
2NO 4+ 0,=2NO; »=K [NO]:-[0.] 


The rate of any reaction diminishes continuously in time, since 
the reacting substances are gradually expended and their concen- 
tration becomes lower and lower. Therefore, when we speak of the 
velocity of a reaction we always mean the velocity at a given moment, 
i. e., the quantity of substance which would undergo change if the 
concentrations existing at that moment were sustained artificially in 
the course of a definite period of time. 

The conclusions concerning the dependence of the reaction rate 
on the concentrations of the reactants do not pertain to solid sub- 
stances participating in the reaction. Since solid Substances react 
only at their surfaces, the rate of reaction in this case depends on 
the surface area of the solid and not on its bulk concentration; there- 
fore, if there are solids taking part in the reaction together with 
gases and dissolved substances, the reaction rate (with a definite 
degree of subdivision of the solid) varies only in dependence on the 
concentrations of the gaseous or dissolved substances. For example, 
the velocity of the reaction of combustion of coal 


C+ 0,=C0;, 


is proportional only to the concentration of oxygen: 
7=K [0:] 


In practice, when measuring reaction rates, apparent deviations from the 
Law of Mass Action are often observed. This is due to the fact that many re- 
actions take place in several steps, i. €., May be divided up into several consecu- 
tive simpler processes. The Law of Mass Action in this case is true for each 
separate elementary process, but not for the reaction as a whole. For instance, 
the reaction between iodic acid HIO; and sulphurous acid H,S0; is expressed 
by the summary equation 


HIO;, + 3H,S0,= HI + 3H50, 


but the measured rate of this reaction does not increase proportionally to the 
cube of the H2SOs concentration but almost exactly in proportion to the first 
degree of its concentration, apparently contradicting the Law of Mass Action. 
Let us assume, however, that the reaction under consideration proceeds in two 
steps, s0 that first the HIO, changes slowly into iodous acid HIO, (as yet an 
unknown compound) according to the equation: 


HIOs, + H.S0:= HIO: + H:50., 
and then HIO, reacts very rapidly with H,SO0s forming HI and H2S03: 
HIO; + 2H,S0,= HI + 2HS0., 
In this case the observed reaction rate will obviously be determined by the 


rate of the former, slower process, i. e., according to the Law of Mass Action, 
it should increase proportionally to the first and not third power of the concen- 
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tration of HSO0;. (Actually, this reaction takes Place in an even more complex 
manner. 

YT natons have established that most gaseous reactions take place in 
a very complex manner and do not obey the Law of Mass Action in its simple form. 
Therefore, the conventional chemical reaction cannot give a reliable idea of 
how the reaction rate will change depending on the concentration, unless sup- 
plemented by a study of the actual mechanism of the reaction. 

The investigations of the Russian scientist N. Shilov were devoted to ascer- 
tainment of the mechanism of chemical reactions, the chief problem of chemical 
kinetics. Shilov studied the kinetics of chemical reactions in solution, particu- 
larly, the mechanism of what are known as “conjugate reactions”. 

If of two reactions with one common participant 


() A+B~>M and (I) A+C—>N 


the second will not proceed without the first, the reactions are called 
conjugate. The substance A, participating in both reactions, is called the 
actor. The substance B, reacting directly with the actor, is called the indue- 
tor, and the substance C, reacting with A only in the presence of an inductor, 
is called the acceptor. 

One of the examples of conjugate reactions is the oxidation of arsenous acid 
HAsO; by bromic acid HBrOs in the presence Of sulphurous acid. Bromic acid 
(in this case the actor) oxidizes sulphurous acid, but does not oxidize arsenous 
acid directly. However, if a mixture of sulphurous and arsenous acids is treated 
with bromic acid, both are oxidized. 

Shilov’s theory explains the mechanism of conjugate reactions by the fact 
that a chemical reaction usually does not take place directly, according to its 
summary equation, but passes through a series of intermediate steps. Thus, for 

‘instance, the reaction between bromic and sulphurous acids is expressed sum- 
marily by the equation 


HBr0; + 3H,S0,= 3H,S0, + HBr 


This equation reveals only the general results of the reaction, but gives no idea 
of its course. The HBrO; molecule can hardly be SECT to react with three 
molecules of H2SO; at once. It is much more probable that the reaction actu- 
ally takes place by steps: 


HBr0, + H.S0,= H.S0, + HBrO, 
HBr0,-+ H:S0,= H,S0, 4- HBrO 
HBrO 4- H,S0, = H,S0,-+ HBr 


Bromic acid itself cannot oxidize arsenous acid; however, one of the intermedi- 
ate reaction products (for instance, HBrO, or HBrO) may be capable of doing 
S0. This accounts for the fact that bromic acid oxidizes arsenous acid only in 
the presence of an inductor, namely Hs2S03. 

The above example shows that in conjugate reactions the inductor acts 
very much like a catalyst, causing a reaction which will not take place in i 
absence, However, a sharp line must be drawn between inductors and catalysts: 
the former are used up during the reaction whereas the latter are not. 


A very important factor for the reaction rate, besides the concen- 
fration, is the temperature. It has been established by experiment 
that the reaction rate increases two- or threefold for every ten-degree 
rise of temperature. If the temperature is lowered the reaction rate 
decreases an equal number of times. The factor showing the num- 
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ber of times the rate of any definite reaction increases when the 
temperature is raised 10° is called the temperature coefficient of the 
reaction. 

Assuming the temperature coefficient of a reaction to be two, it will 
readily be found that if, for instance, the reaction takes ten minutes 
at 0° C it will take only 0.6 seconds at 100° C. On the other hand, a 
reaction completed in ten minutes at 100° will take about seven days 
at 0° . Hence it is clear that many reactions which proceed rapidly 
at high temperature, take place so slowly at ordinary temperature 
that they do not seem to us to take place at all (for instance, the 
formation of water from hydrogen and oxygen). 

The rapid growth of reaction rates with rising temperatures cannot 
be attributed only to the increase in the number of collisions between 
molecules. According to the kinetic theory the velocity of the molecu- 
les increases in proportion to the square root of the absolute temper- 
ature, while the rate of reaction increases much more rapidly. It 
must be considered that a rise in temperature not only causes more 
frequent collisions, but increases the number of effective collisions 
resulting in chemical interaction as well, i. e., increases the relative 
quantity of active molecules. This may be attributed to the fact that 
as the temperature rises the molecules become less stable and there- 
fore more amenable to chemical reaction. 

Finally, the third factor which greatly influences the reaction rate 
is the presence of catalysts, substances which alter the reaction rate, 
themselves remaining chemically unchanged and quantitatively 
undiminished after the reaction. Usually the influence of catalysts is 
manifested in acceleration of the reaction. Sometimes the catalyst 
may increase the reaction rate one thousandfold and more. Catalysts 
are, as a rule, finely ground metals. 

In considering the influence of various conditions on the rate of 
reaction we considered mainly reactions which take place in uniform 
or homogeneous systems (gas mixtures, solutions). Reactions in 
heterogeneous systems are much more complex. 

A system is called heterogeneous if it consists of two or more compo- 
nents having different physical and chemical properties and separated 
from one another by interfaces. The separate uniform parts of a hetero- 
geneous system are called its phases. For instance, ice, water and the 
water vapour above them form a heterogeneous system consisting 
of three phases: solid (ice), liquid (water) and gas (water vapour). 
An acid and a piece of metal dropped into it form a system of two 
phases, etc. 

In a heterogeneous system the reaction always takes place at the 
interface between two phases, since only there do the molecules of 
both phases collide. For this reason, besides the above three factors, 
‘the velocity of a heterogeneous reaction depends on the surface area 
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of contact between the reacting phases. Any increase in the surface 
area leads to an increase in the reaction rate. For instance, pulverized 
coal, having a large surface area, burns much more rapidly than lump 
coal; metals dissolve much more quickly in acids when finely divided, 
etc. Another important factor influencing the rate of a heterogeneous 
reaction is diffusion, by virtue of which fresh portions of the reacting 
substances are brought to the phase boundary. The velocity of a 
reaction can be increased considerably by artificially accelerating 
diffusion through shaking, mixing or stirring. 

63. Chemical Equilibrium. Many chemical reactions proceed in 
Such a way that the initial substances are transformed entirely into the 
reaction products, in which case we say that the reaction is complete. 
Thus, when potassium chlorate is heated it changes entirely into 
potassium chloride and oxygen: 


2KCl0,=2KCl-+- 30, 


The reverse reaction, namely, the production of potassium chlorate 
from potassium chloride and oxygen, has been found impossible to 
effect, at least, under any conditions known to us. Reactions of this 
kind are called practically irreversible or one-way reactions. 

Of a different nature is the reaction between hydrogen and magnetic 
iron oxide. If we pass hydrogen over heated iron oxide the latter 
changes into iron, while the hydrogen combines with oxygen of the 
oxide to form water: 


Fe,0, + 4H, = 3Fe + 4H,0 


On the other hand, if powdered iron is subjected to the action of 
water vapour at the same temperature, magnetic iron oxide and hydro- 
gen result. This reaction is expressed by the same equation as above, 
read from right to left: 


3Fe + 4H,0 = Fe,0,4- 4H, 


Thus, two directly opposite reactions take place at the same tem- 
perature: the iron oxide reacting with the hydrogen changes into iron 
and water Vapour, and the latter react to form oxide and hydrogen 
again. 

w Processes which can take place in both directions under the same 
conditions are called reversible. 

‘To show that a chemical process is reversible, the equality sign in 
the equation of the reaction is replaced by two arrows pointing in 
opposite directions: 

y Fe,0,-+- 4H, 2 3Fe + 4H,0 
The reaction proceeding from left to right is conventionally called 
the forward reaction and the opposite reaction is called the reverse, 
or back reaction. 
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A characteristic feature of reversible reactions is that they are not 
complete unless the resultants are removed from the sphere of reaction 
(e. g., reactions between gases in a closed vessel). Even though the 
reactants may be taken in equivalent quantities, they are never used 
up completely to form the reaction products. The reaction proceeds 
only to a certain limit and then apparently stops. 

To illustrate this let us consider a concrete example. At a high tem- 
perature carbon dioxide and hydrogen react to form carbon monoxide 
and water. This reaction is reversible and can be expressed by the 
equation 

CO, +H, zCO+H,0 


It has been established by experiment that if one gram-molecule 
of carbon dioxide is mixed with one gram-molecule of hydrogen and 
the mixture heated to 1,200° C the reaction limit will be reached 
as soon as 0.6 gram-molecule of carbon monoxide and an equal quan- 
tity of water vapour form. Hence, of the initial substances taken, 
0.4 gram-molecule of carbon dioxide and 0.4 gram-molecule of 
hydrogen remain unchanged: 

CO, + H,z CO + H,0 
Initial quantities of reactants (in 
[Drea le dat pid tal Ley SERS ESA  { | 0 0 
Quantity of substances after reac- 
tion limit is reached (in gram-moles) . 0.4 0.4 0.6 0.6 


It will be readily understood that the “cessation” of the reaction 
in question is due to the functioning of a back reaction. Indeed, after 
the carbon dioxide is mixed with the hydrogen, a reaction sets in 
between the two resulting in the formation of carbon monoxide and 
water. As this reaction proceeds the concentration of the initial sub- 
stances decreases, so that the reaction rate becomes slower and slower. 
At the same time the back reaction becomes possible. The molecules 
of carbon monoxide and water colliding with one another can recom- 
bine into molecules of carbon dioxide and hydrogen. At first, while the 
number of carbon monoxide and water molecules is small, they collide 
rather rarely. But as the molecules of these substances accumulate, 
the collisions become more and more frequent, gradually increasing 
the velocity of the back reaction. At length the velocity of the back 
reaction becomes equal to that of the forward reaction, i. e., the num- 
ber of molecules of carbon dioxide and hydrogen disappearing in each 
unit of time becomes equal to the number of them reappearing as a 
result of the back reaction. From this moment on the concentrations 
of all four gases remain unchanged, despite the fact that the initial 
carbon dioxide and hydrogen have not reacted completely. 

If we began with carbon monoxide and water instead of carbon 
dioxide and hydrogen we should have come to the same result. 
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A state of a system of reacting substances in which their concentra- 
tions do not change is called chemical equilibrium. Chemical equilibri- 
um is attained when the rate of the forward reaction becomes equal 
to that of the back reaction. 

The reaction appears to have ceased. But actually this is not the 
case; both reactions continue to proceed, but one of them cancels 
the results of the other. 

Since chemical equilibrium is not due to cessation of the reaction 
but to equality of the rates of two opposite processes, it is essentially 
a dynamic equilibrium. It can be compared, for instance, with the 
equilibrium of water in a reservoir which is being simultaneously 
filled and discharged. If the amount of water entering the reservoir 
equals the amount flowing out of it, the quantity of water in the reser- 
voir will stop changing, just as the quantity of each of the substances 
Stops changing when chemical equilibrium is reached. 

A chemical equilibrium, once established between any given sub- 
stances, will last indefinitely if the conditions remain unaltered. But 
a change in concentration of even one of the participants will imme- 
diately disturb the equilibrium of the reaction and cause changes in 
the concentrations of all the other substances as well. 

For instance, suppose some additional carbon dioxide is introduced 
into a vessel containing carbon dioxide, hydrogen, carbon monoxide 
and water vapour in equilibrium with each other. The increase in the 
concentration of the carbon dioxide will obviously accelerate the 
left-to-right reaction, making it predominate temporarily over the 
back reaction. As a result of this, the concentrations of carbon dio- 
xide and hydrogen gradually begin to decrease, while those of carbon 
monoxide and water increase. This change in concentrations will 
continue until the accumulation of molecules of carbon monoxide 
and water on the one hand, and the disappearance of carbon dioxide 
and hydrogen on the other, equalize the velocities of both reactions. 
Then equilibrium is restored, but now with different concentrations 
of all four substances. 

The change of concentration caused by a disturbance of equilibrium 
is called a displacement or shift of equilibrium. If the concentrations 
of the substances in the right half of the equation increase (of course, 
with a corresponding decrease in the concentrations of the sub- 
stances in the left), we say that the equilibrium has shifted to the 
right or in the direction of the forward reaction; if the concentra- 
tion undergoes the opposite change, we say that the equilibrium has 
shifted to the left. For instance, in the above case the equilibrium 
Shifts to the right, as it is the concentrations of the carbon monoxide 
and the water that increase. 
fj Now let us express the condition of equilibrium in mathematical 

orm. 
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Suppose we have a reversible reaction expressed by the general 
equation: 
A+BZC+D 


where A and B are two substances which react fo form two new sub- 
stances C and D. Let the concentrations of these substances be, 
respectively, [A], [B], [C], and [D]. Suppose the rate of the reac- 
tion proceeding in the direction of the upper arrow is vi, and that of 
the reyerse reaction v2. Since the reaction rate is proportional to the 
product of the concentration of the reacting substances, then for the 
forward reaction 
i=, [A]. [B] 


Similarly, for the back reaction 
2=K;.[C].[D] 


When equilibrium is established the velocities of both reactions 
become equal, i.e., 
Ki. [A]. [B] = K:- [C].(D] 


Modifying this equation we get: 


[C]-D]_K, 
AFB EK: 


Since K; and Ks» are constants, their ratio is also a constant. Denot- 
ing it by K, we have: 


where [C], [D], [A] and [B] denote the concentrations of the re- 
spective substances in equilibrium. 

The constant K is called the equilibrium constant. It is a value 
characteristic for each reaction and does not depend on the con- 
centration, but varies with the temperature. Its physical sense will 
easily be understood if we remember that it equals the ratio Ki; : Ks 
and therefore shows by how many times the velocity of the forward 
reaction exceeds that of the back reaction at equal temperatures and 
with unit concentrations. ¢ 

The above equation is the mathematical expression of the Law: 
of Mass Action, applied to reversible reactions. Its sense may be 
formulated as follows: 

In reversible reactions equilibrium is attained when the product of 
the concentrations of the resultants divided by the product of the con- 
centrations of the reactants equals a certain constant value for the 
reaction in question at a given temperature. 


13881 
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If more than one molecule of each of the substances is involved 
in the reaction: 
mA+nB=pC+aD 
the equation of the equilibrium constant becomes 
[C}P-[D]Y 
HAE ES 
[AJ]. [BJ] 
Tf there are solids participating in the reaction their concentrations 
are not included in the expression for the equilibrium constant for 
the same reason that they are not included in the expression for 
the rate of reaction (see p. 186). Thus, in the case of the reaction 
between carbon dioxide and heated coal 


C0,4+C 200 
the equilibrium constant is expressed as the ratio: 


[CO]: 
[00] 


The equilibrium of the above reaction can be disturbed’only by 
changing the concentration of carbon dioxide or carbon monoxide; 
neither increase, nor decrease of the quantity of coal can influence 
the state of equilibrium. 

Using the equation for the equilibrium constant, we can easily 
determine which way the equilibrium will shift if the concentration 
of any of the reacting substances is changed. This can be shown, 
by way of example, for the reaction between carbon dioxide and 
hydrogen considered above. 

The equilibrium constant of this reaction is expressed by the equa- 
tion 


K= 


K = CO] [H.0] 
[CO]. [Hs] 

Suppose that after equilibrium was established, we increased the 
concentration of hydrogen in the gaseous mixture. Since the ratio 
[CO] -[H0] 

[CO]-[H,] 


must remain constant, increasing the denominator of the fraction 
(the concentration of hydrogen) disturbs the equilibrium and will 
accelerate the reaction leading to a decrease of the denominator 
and a simultaneous increase of the numerator, i.e., the reaction of 
transformation of carbon dioxide and hydrogen molecules into mole- 
cules of carbon monoxide and water. When, as a result of this the 
previous ratio between the reacting substances is restored, equilibrium 
will again be established, but now the concentration of carbon dioxide 
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will be lower than it was before the hydrogen was added, while the 
concentration of water vapour and carbon monoxide will be higher. 
A similar result would obviously be obtained if we increased the 
concentration of carbon dioxide (as established above) or if we de- 
creased the concentration of carbon monoxide of water vapour. In all 
these cases the equilibrium shifts towards the formation of carbon 
monoxide and water vapour. On the other hand, increase of the 
concentration of carbon monoxide and water vapour or decrease of the 
concentration of carbon dioxide and hydrogen will cause the opposite 
effect, i.e., an equilibrium shift towards the formation of new quan- 
tities of carbon dioxide and hydrogen. 

Two very important conclusions can be drawn from all this. 

1. In order to use up one of the reactants of a reversible reaction 
more completely, an excess of the other reactant must be used. 

2. Tf one of the resultants is removed from the sphere of reaction 
as it forms, the equilibrium will shift towards the formation of that 
product, and thus the reversible reaction can practically be completed. 
For instance, if the water formed as a result of the reaction between 
carbon dioxide and hydrogen is continuously removed from the 
reaction mixture, these gases can be completely converted into carbon 
monoxide and water vapour. 

Likewise, when hydrogen is passed over heated magnetic iron oxide 
(see p. 190), the latter is completely converted into metallic iron, as 
the water vapour formed during the reaction is continuously removed 
from the sphere of reaction together with the excess of hydrogen. 
In a closed vessel this reaction will not go to completion. 

The constancy of the ratio between the concentrations of reacting 
substances at equilibrium makes it possible to carry out a number of 
very important calculations. Given below are several typical exam- 
ples of such calculations for simple reactions. 


Example 1. A reversible reaction is expressed by the equation: A + B Zz: 20, 
When equilibrium was attained the concentrations of the three substances were 
[A] = [B] = 3 moles per litre; [C]=4 moles per litre. Find the equilib- 
rium constant and the initial concentrations of A and B. 

The equilibrium constant of the above reaction is given by the equation 


To determine the initial concentrations of A and Bit must be taken into 
account that according to the equation of the reaction one molecule of A and 
one molecule of B react to form two molecules of C. Hence it follows that the 
formation of four moles of C requires the expenditure of two moles of A and two 
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moles of B. Thus, the initial concentrations of A and B were five moles per 
litre each. 

Example 2. The equilibrium constant for the reaction A+ BZC+D 
equals two. Compute the concentrations of the four substances at equilibrium 
if the initial concentrations of A and B were: 

[AJ=5 moles per litre; [B]=1 mole per litre 

It can be seen from the equation of the reaction that one gram-molecule 
of C and one of D are formed from each ram-molecule of A and B. Let the num- 
ber of moles of A and B that have reacted be 2. Then the concentrations of all four 
substances at equilibrium will be as follows: 

[C]=[D]=z; [A]=5—2; [B]=1—s 
Substituting these values into the equilibrium constant equation we get; 
2: 
=5=ু 2-0-5" 

Discarding the first root as impossible, we find the concentration at equi- 
librium: [C] = [DD] = 0.9 mole per litre; [A] = 4.1 moles per litre; [B] = 
=0.1 mole per litre. 

It is easy to see that under these conditions 

IOSD) 0 
[AJB] 


64. Le Chatelier's Principle. Having examined the influence of 
changes in concentration of the reacting substances on the state of 
equilibrium, we can now consider the influence of changes in temper- 
ature and pressure on equilibrium, 

Raising the temperature accelerates all chemical reactions in gener- 
al, but the acceleration is different with different reactions. In most 
cases the velocities of the forward and back reactions do not change 
equally and one of them begins to proceed more rapidly. However, 
accumulation of the resultants of the predominating reaction on the 
one hand and disappearance of its reactants on the other gradually 
equalize the rates of both processes. Thus equilibrium is re-estab- 
lished, but now with other concentrations of each of the substances 
than before. Hence it follows that each temperature has a correspon- 
ding state of equilibrium, just as, for instance, each temperature has 
a corresponding solubility of substance. 

The direction in which the equilibrium shifts due to temperature 
changes is determined by the Law of Van't Hoff, which applies to 
any system in equilibrium: 


0) 


2—12%%-+10=0; 2,=11.4; s,=0.9 


If the temperature of a system in equilibrium changes, an increase 
in the temperature will shift the equilibrium in the direction of the 
process during which heat is absorbed, and a decrease will shift it in 
the opposite direction. 


In relation to reversible chemical processes, this means that a rise 
in temperature causes a shift of equilibrium towards the endothermal 


ra RE 
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reaction, while a decrease in temperature will shift the equilibrium 
in the reverse direction. 

Here are some examples: 

Hydrogen iodide decomposes, when heated, into iodine and hy- 
drogen. The reaction is reversible and at high temperatures proceeds 
from left to right with the absorption of heat: 


2HI H+ 1,12 Cal. 


If the temperature is raised, the equilibrium shifts to the right, the 
concentration of hydrogen and iodine in the mixture increasing and 
that of hydrogen iodide decreasing. 

Any reversible decomposition of substance is called dissociation in 
chemistry. Hf the decomposition is due to heat it is called thermal 
dissociation. 

Many other substances dissociate upon heating just like hydrogen 
iodide. In all such cases raising the temperature, in accordance with 
the Law of Van’t Hoff, increases the degree of dissociation (i.e., the 
relative quantity of decomposed substance), shifting the equilibrium 
towards the formation of the dissociation products. 

An example of a reaction proceeding with evolution of heat may be 
that of the formation of sulphur trioxide from sulphur dioxide and 
oxygen: 

250, 4-0, 2: 280, 446.8 Cal. 


In this case raising the temperature would shift the equilibrium 
to the left, as the back reaction, obviously, proceeds with absorption 
of heat (see, for instance, p. 72). To shift the equilibrium to the right, 
i.e., to increase the content of SOs in the reaction mixture, the temper- 
ature should be lowered. 

The Law of Van’t Hoff is a particular case of a more general law 
determining the influence of various factors on an equilibrium system 
and known as Le Chiatelier's Principle. In application to chemical 
equilibrium it may be formulated as follows: 


A change in any of the conditions of the chemical equilibrium 
of a system, such as temperature, pressure or concentration, will 
shift the equilibrium in the direction of the reaction opposing the 
change. 


Applying this principle to a change of temperature, Wwe see that 
a rise in temperature should shift the equilibrium in the direction 
of the reaction which will lower the temperature, i.e., which proceeds 
with the absorption of heat. Lowering the temperature causes a shift 
of equilibrium towards the reaction during which heat is evolved. 

A change in pressure due to compression of the reaction mixture 
will result in a shift of equilibrium if gaseous substances are involved 


198 Chapter VIII. Chemical Kinetics and Chemical Equilibrium 


in the reaction. In such a case, according to the Principle of Le Cha- 
telier, the equilibrium should shift in the direction of the reaction 
which weakens the change made, i.e., decreases the pressure if it 
was increased, and increases it if it was decreased. But in a closed 
space at constant temperature the reaction can change the pressure 
only if it leads to a change in the total number of molecules of gaseous 
substances. For instance, the reaction of formation of nitrogen di- 
oxide from nitric oxide and oxygen at a high temperature is reversible 
and is not complete: 
2NO +0, 2 2NO, 


Since only two molecules of nitrogen dioxide result from two molecules 
of nitric oxide and one of oxygen, the transformation of nitric oxide 
and oxygen into nitrogen dioxide in a closed vessel will obviously 
cause the pressure to drop. The back reaction, namely, the decom- 
position of nitrogen dioxide into nitric oxide and oxygen, will lead 
to an increase in pressure. Therefore, if we compress the gas mixture 
after equilibrium has been established, thus increasing the pressure, 
then, according to Le Chatelier’s Principle, after the compression 
the equilibrium will begin to shift to the right and the pressure will 
again decrease. On the contrary, if we allow the mixture to occupy 
a larger volume, thus lowering the pressure, the equilibrium will 
Shift to the left, as a result of which the pressure will again rise. 
Thus we come to the following conclusion: 

Increasing the pressure shifts the equilibrium towards the formation 
of a smaller number of gas molecules; decreasing the pressure shifts 
it towards the formation of a larger number of gas molecules. 

Of course, if the number of molecules of gaseous substances does 
not change during the reaction as, for instance, in the reaction 


C0, 4-H, 2 CO + H:0 


neither increase nor decrease of the pressure will disturb the equi- 
librium .* 

Finally, it will readily be seen that equilibrium shifts caused by 
changes in concentration of the reacting substances also obey Le 
Chatelier’s Principle. Indeed, if we increase the concentration of 
one of the substances involved in an equilibrium, the latter always 
Shifts in the direction of the reaction reducing the concentration 
of the same substance. For instance, in the reaction between carbon 
dioxide and hydrogen an increase in the concentration of carbon 
dioxide will shift the equilibrium towards the formation of carbon 


* The same conclusion can be derived from the Law of Mass Action, as a 


in Pressure reduces essentially to a change in concentration of the react- 
8S, 
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monoxide and water vapour, thus bringing the concentration of 
carbon dioxide down again. On the other hand, lowering the con- 
centration of any of the substances causes a shift of equilibrium 
towards the formation of that substance. 

Introduction of a catalyst into a system at equilibrium does not 
alter the state of equilibrium, as the catalyst accelerates the forward 
and back reactions equally. Nevertheless, the role of catalysts in 
reversible reactions is very great. At low temperatures owing to 
the low velocity of reactions, equilibrium between the reacting 
substances is usually attained very slowly. We would have to wait 
a long time for a considerable quantity of reaction products to form. 
Of course, equilibrium could be reached more quickly by raising 
the temperature, but if the formation of the product interesting 
us leads to the liberation of heat, the quantity we should obtain 
in this way would be very small, since at a high temperature the 
equilibrium would be greatly displaced in the direction of the back 
reaction. Catalysts make it possible to accelerate the attainment 
of equilibrium without raising the temperature, and thus to obtain 
the same quantity of substance in less time. 


CHAPTER IX 


Hydrogen 


65. Hydrogen in Nature. Hydrogen (Hydrogenium; at. wt. 1.008) 
occurs in the free state in but negligible quantities, mainly in the 
upper layers of the atmosphere. Sometimes it escapes together with 
other gases during volcanic eruptions, as well as from drill holes 
during the extraction of mineral oil. But hydrogen is very abundant 
in the form of compounds. This is evident from the fact that it 
constitutes one-ninth of water by weight. Besides, hydrogen is found 
in all vegetable and animal substances, is a constituent part of 
mineral oils and many other minerals. Altogether, hydrogen consti- 
tutes approximately one per cent of the earth’s crust, including 
water and air. 

Hydrogen was discovered in the early XVI century by Paracelsus. 
In 1776 the English chemist Cavendish established its properties 
and pointed out the features distinguishing it from other gases. 
Lavoisier was the first to prepare hydrogen from water, and he 
proved that water is a chemical compound of hydrogen and oxygen 
(1783). 

66. Preparation of Hydrogen. The hydrogen atom consists of a 
nucleus and one electron. Hydrogen atoms form more or less polarized 
covalent bonds with the atoms of non-metals. In some of these com- 
pounds (Hs20, HCl, etc.) the state of the hydrogen atom is close to 
that of the ion Hr. 

The chief source for the preparation of hydrogen is water. Hydrogen 
can be prepared from it by making use of the ability of many metals 
to displace hydrogen from water, forming hydroxides or oxides. The 
alkali metals sodium and potassium, as well as calcium, barium 
and others, react with water very readily at ordinary tempera- 
tures. 

If a piece of sodium is dropped into a dish of water a violent 
reaction ensues; the sodium darts, sputtering, to and fro over the 
Surface of the water, liberating hydrogen. So much heat is given off 
during this reaction that the sodium melts into a ball which rapidly 
diminishes in size and soon disappears altogether (Fig. 56). Some- 
times so much heat is given off that the hydrogen liberated bursts 
into flame. 
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The reaction between sodium and water can be expressed by the 


equation 
2Na + 2H,0 =2NaOH + H, 


This reaction consists essentially in a sodium atom losing an electron 
to a hydrogen ion of the water molecule and turning into a positively 
charged ion. The latter becomes part of NaOH, while the hydrogen 
ion turns into an atom which subsequently combines with another 
hydrogen atom to form an Hs molecule. The reaction with potassium 
and calcium proceeds analogously. 

Other metals besides those mentioned also react with water, but 
at higher temperatures. Thus, magnesium displaces hydrogen from 


Fig. 56. Sodium ball 
on the surface of water 


water at the boiling point of the latter, zinc and iron—only when 
heated in a stream of water vapour. In all these cases the hydrogen, 
which is in a state close to that of hydrogen-ion, gains electrons 
from the atoms of the metal and turns into neutral atoms. 

The following are the chief methods of preparing hydrogen for 
industrial purposes: 

1. The steam-iron method, based on the reaction between iron and 
water vapour when the latter is passed over heated iron turnings: 


3Fe 4 4H,0 Z Fe,0,-- 4H, 435.6 Cal. 


The reaction is reversible and proceeds with evolution of heat 
from left to right. Therefore, according to Le Chatelier’s Principle, 
the lower the temperature, the more the equilibrium will Shift to- 
wards the formation of hydrogen. However, at low temperatures 
equilibrium is established too slowly, owing to the very low rate 
of the reaction. For this reason the reaction is accomplished in prac- 
tice at temperatures not under 700°C. At 700°C the equilibrium mix- 
ture contains approximately equal volumes of hydrogen and water 
vapour, i.e., half the steam put through remains unused. Since the 
hydrogen formed is removed immediately from the sphere of reaction 
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together with the excess of water vapour, the process goes on 
continuously until all the iron is converted to magnetic iron oxide. 
9. The conversion method consists in passing water vapour through 
a layer of heated coal: 
C+ H,0=CO4H; 


The resulting mixture of carbon monoxide and hydrogen is known 
as water gas and can be used as gaseous fuel. Tf the process is carried 
out for the purpose of obtaining hydrogen, the carbon monoxide is 
removed from the mixture by passing it over heated ferric oxide 
together with steam, the ferric oxide acting as a catalyst. The carbon 
monoxide reacts with the water vapour forming hydrogen and carbon 
dioxide. This reaction, called conversion of carbon monoxide, can be 
represented by the equation 


(H.)+ CO + H.0 =: CO, 4+ H4-(H) 410.2 Cal. 


At a low temperature the equilibrium favours the forward reac- 
tion, but as the temperature rises, it shifts towards the formation 
of the initial substances. 

Since the rate of reaction is high enough only at temperatures not 
under 450°C, steam is added to the water gas in much greater 
amount than required by the equation of the reaction, as a result of 
which the equilibrium remains greatly displaced to the right in spite 
of the high temperature, thus raising the degree of conversion of 
carbon monoxide. 

The carbon dioxide formed as a result of conversion is separated 
from the hydrogen by washing the gas mixture with water under 
a pressure of 20 atm. To finally purify the hydrogen it is passed 
through several more solutions which absorb all its impurities. 

Large quantities of hydrogen used to produce synthetic ammonia 
are prepared in this way. 

3. Deep Freezing of Coke-Oven Gas. When coal is heated without 
access of air to 900-1,200°C a gas is produced known as coke-oven 
gas, which is a mixture containing about 50-60 per cent hydrogen; 
the solid residue is coke. To extract the hydrogen from the coke 
gas the latter is cooled until all the gases except hydrogen separate 
out as liquids. 

4. Electrochemical Method. If there is a source of cheap electric 
power at hand it is economically feasible to produce hydrogen from 
water by decomposing it with electricity. The advantage of this 
method is the high purity of the product. About 18 per cent of the 
world production of hydrogen is obtained by this method. 

Another raw material for the production of hydrogen which has 
been used more and more extensively in the past fifteen years is the 
methane of the natural gases evolved in oil refining. In 1940, 5 per 
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cent of the hydrogen employed for ammonia synthesis in the U.S.A. 
was obtained from this new raw material; by 1945 this figure had risen 
lo 45 per cent and by 1953 to 66 per cent. 
Hydrogen can be prepared from methane by various methods: 
1) by thermal decomposition of methane: 


CH,=C+2H,+-18 Cal. 
2) by the reaction between methane and water vapour: 
CH,4- H,0= CO + 3H,—49 Cal. 


3) by the reaction between methane and carbon dioxide or a mix- 
ture of carbon dioxide and water vapour: 


CH, + CO0,=200 4-2H,—60.1 Cal. 
3CH, + CO,+2H.0 =4C0 + 3H,— 158.6 Cal. 


4) by the oxidation of methane: 
2CH, 4+ 0:1=20C0 44H, 4-16.1 Cal. 


In all these methods except the first the gaseous mixtures obtained 
contain a comparatively large amount of carbon monoxide. To in- 
crease the hydrogen yield these mixtures are subjected to conversion 
with water vapour. 

If the hydrogen is not consumed on the spot it can be transported 
in a compressed state in steel cylinders in which it is kept under 
high pressure. 

Hydrogen can be prepared in the laboratory by the action of dilute 
sulphuric or bydrochloric acid on zine: 


Zn + H,S0,=ZnS0, + Hs 


Iron may be used instead of zinc, but in this case the reaction is much 
slower. 

Hydrogen produced by the action of acids on zinc and other metals 
always contains water vapour and certain other gaseous impurities. 
If dry hydrogen is required the gas is freed from water vapour by 
passing it through concentrated sulphuric acid, which absorbs mois- 
lure avidly. To remove other admixtures solutions of various salts 
are used. 

67. Properties and Uses of Hydrogen. At ordinary temperatures 
hydrogen is a colourless, odourless gas. Below —240°C hydrogen 
can be converted under pressure into a colourless liquid. If this 
liquid is rapidly evaporated solid hydrogen results as colourless 
crystals melting at =22959.4°C. 

Hydrogen is the lightest of all gases; it is almost 14.5 times light- 
er than air. One litre of hydrogen at S.T.P. weighs only 0.09 gram. 
Hydrogen is very slightly soluble in water but dissolves in consider- 
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able quantities mm certain metals, such as palladium, platinum and 
others. One volume of palladium is capable of dissolving up to 
Y00 volumes of hydrogen. 

The hydrogen molecule consists of two atoms linked together by 
a duplet of electrons rotating about the nuclei of both atoms. The 
structure of the hydrogen molecule (Fig. 57) is similar to that of 
the helium atom, for which reason hydrogen is inert at ordinary 
temperatures. At higher temperatures the bond between the atoms 
is weakened and hydrogen becomes active. 
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Fig. 57. Structure of Fig. 58. Detonating gas 
hydrogen molecule torch 


Especially interesting among the physical properties of hydrogen is its 
specific heat, which is considerably lower at low temperatures than might have 
been expected according to the kinetic theory of gases. This is due to the exist- 
ence of two modifications of hydrogen known as orthohydrogen and parahy- 
drogen. Both modifications consist of H, molecules and have identical chemical 
properties, but differ somewhat in specific heat, melting and boiling points and 
Some other physical properties. This difference is due to the fact that the hy- 
drogen nuclei (protons) of the Ha molecule rotate around their axes in the same 
direction in orthohydrogen and in opposite directions in parahydrogen. 

At ordinary temperatures hydrogen consists of three parts of orthohydrogen 
and one of parahydrogen in equilibrium with each other. Lowering the tem per- 
ature shifts the equilibrium towards the formation of parahydrogen, and as 
its specific heat AE than that of orthohydrogen, the specific heat of the 
mixture decreases when the parahydrogen content in it rises. 


. 

The chemical properties of hydrogen are due to the ability of its 
atoms to lose their only electron and become positively charged ions. 
However, this change is not complete, as even in reactions with the 
most active non-metals, hydrogen forms polar covalent and not 
ionic bonds. Sometimes hydrogen atoms gain electrons to form nega- 
tively charged H'-ions having the shell of the inert gas helium. 
Hydrogen is present in the form of such ions in compounds with 
some of the most active metals (K, Na, Ca, etc.). These compounds 
are called metallic hydrides and, contrary to the gaseous compounds 
of hydrogen with the non-metals, are solid crystalline substances 
(hydrides will be dealt with in greater detail when describing the 
respective metals). 
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If a lighted match is applied to a jet of hydrogen issuing from a 
small aperture, the hydrogen ignites and burns with a pale flame, the 
combustion product being water: 


2H, -- 0:=2H,0 4- 136.8 Cal. 


If a mixture of two volumes of hydrogen and one of oxygen is 
ignited the gases combine almost instantaneously throughout the 
volume of the mixture, causing a violent explosion. That is why 
this mixture is called detonating gas. 

Owing to the liberation of a large amount of heat during the 
combustion of hydrogen, the hydrogen flame has a very high temper- 
ature (~~ 1,000°C). But the temperature can be raised still higher 
(up to 2,500-3,000°C) by introducing an excess of oxygen .into 
the hydrogen flame. To produce such a flame a special torch is used 
(Fig. 58) consisting of two tubes of different diameters, one inside 
the other. The hydrogen is let into the space between the tube walls 
and ignited at the exit. After this a jet of oxygen is carefully intro- 
duced into the hydrogen flame through the inner tube. The gases mix at 
the outlet aperture of the torch and give a very hot flame capable 
of melting almost all the metals, even the most refractory. Iron 
or steel wire burns in such a flame like in oxygen, throwing olf 
brilliant sparks in all directions. If the flame is directed at a piece 
of lime the latter becomes white-hot and begins to emit a dazzling 
bright light. The oxy-hydrogen flame is used for fusing refractory 
metals, for gas welding, for cutting and drilling metals. 

At ordinary temperatures hydrogen practically does not react with 
oxygen. If the gases are mixed and left standing in a glass vessel, 
no indications of water can be detected even after several years. 
But if a mixture of hydrogen and oxygen is placed in an airtight 
vessel and kept in it at 300°C a little water will form after a few 
days. At 500°C the hydrogen will combine completely with the 
oxygen in several hours, and if the mixture is heated to 700° C the 
temperature rises very rapidly, and the reaction is complete instan- 
taneously. Therefore, to make the mixture explode, at least one 
point of it must be heated to 700°C. 

The absence of any perceptible reaction between hydrogen and 
oxygen at ordinary temperatures is due to the fact that the rate 
of reaction under these conditions is very low. The reaction rate 
being assumed to decrease twofold with each ten-degree drop of 
temperature (see pp. 187-8), it can easily be calculated that if the 
formation of a perceptible quantity of water takes three days at 
300°C, it would require over 2 million years at ordinary temperatu- 
res (20°C). 

Catalysts can greatly increase the rate of reaction between hydrogen 
and oxygen. If, for instance, a piece of platinized asbestos (i.e.. a 
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piece of asbestos coated with finely divided platinum) is introduced 
into a mixture of hydrogen and oxygen, the reaction between the 
gases is so greatly accelerated that they soon explode. 

At high temperatures hydrogen will abstract oxygen from many 
compounds, including most metallic oxides, from which it liberates 
the metals. For instance, if hydrogen is passed over heated! cupric 
oxide the following reaction takes place: 


Cu0 + H,=Cu+H,0 


The addition of oxygen to a metal is called oxidation, while the 
reverse process, by which oxygen is removed from the oxide and 
the metal thus re-liberated, is known as reduction. 

The addition of hydrogen to any substance is also called reduction 
or hydrogenation. 

Several other substances besides hydrogen, for instance coal, are 
capable of removing oxygen from various compounds. All such 
Substances are called reducing agents, or reductants. Hydrogen is 
one of the most active reducing agents. 

The applications of hydrogen are very diverse. Hydrogen is used 
to fill observation balloons. Owing to its very low boiling point 
(—252.7°C), liquid hydrogen is used to produce low temperatures. 
The fat industry uses hydrogen for the hydrogenation of fats, meaning 
the conversion of liquid vegetable oils into solids. In the fuel industry 
hydrogen is employed to produce liquid fuel from coal. Hydrogen is 
used to reduce some of the rare metals from their oxides. 

The largest amount of hydrogen is used by the basic chemical 
industry to obtain synthetic ammonia for the production of nitric 
acid and artificial fertilizers. 

68. Monatomie Hydrogen. If hydrochloric acid is added to a 
Solution of ferric chloride FeCl, and a piece of zinc dropped into the 
solution, the hydrogen liberated rapidly converts the ferric chloride 
into ferrous chloride FeCl, which can be observed by the yellow colour 
LEY changing to green, the characteristic colour of ferrous 
chloride: 


FeCl, + H = FeCl, + HCl 


If gaseous hydrogen is passed through a solution of FeCl, e.g., 
from a gas-holder, the above reaction will not take place. It may 
be assumed that the specific activity manifested by hydrogen in 
this case is due to the fact that the hydrogen reacts with ferric 
chloride “in statu nascendi” (at the moment of liberation) from the 
chemical compound before its atoms have a chance to combine into 
molecules. 

This assumption, suggested last century, was indirectly confirmed 
When monatomic hydrogen, i.e., hydrogen consisting of separate 
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atoms and not of Hs molecules, was produced in the free state and 
its reactivity studied. 

At high temperatures the hydrogen molecule dissociates into 
atoms: 

H, 22H 

This reaction can be brought about, for instance, by heating 
tungsten wire electrically in an atmosphere of highly rarefied hydro- 
gen. The reaction is reversible, and the higher the temperature, the 
more the equilibrium shifts to the right. At 2,000°C the amount of 
dissociated molecules is but 0.1 per cent, at 3,000°C it is 9 per cent, 
at 4,000°C 62.5 per cent and at 5,000°C 94.7 per cent, i.e., the dis- 
sociation is almost complete. 

Monatomic hydrogen can be obtained also by. the action of a silent 
electric discharge on ordinary hydrogen under a pressure of 0.5 mm 
Hg. The hydrogen atoms formed under such conditions do not re- 
unite immediately into molecules, making it possible to study their 
chemical properties. Monatomic hydrogen reduces many metallic 
oxides even at ordinary temperatures, combines directly with sul- 
phur, nitrogen and phosphorus; with oxygen it forms hydrogen per- 
oxide. 

When hydrogen is decomposed into its atoms a large quantity of 
heat is absorbed, amounting to 105 Cal. per gram-molecule: 


H, = 28—105 Cal, 


This shows that hydrogen atoms must be much more active than 
hydrogen molecules. For ordinary hydrogen to take part in any 
reaction its molecules must first be decomposed into atoms, which 
requires a large amount of energy. In reactions involving monatomic 
hydrogen this energy is not required. 

The heat expended on the decomposition of the hydrogen molecules 
into atoms is liberated again when the atoms recombine into mole- 
cules. 

This is the basic principle of monatomic hydrogen torches. A jet 
of hydrogen from a cylinder passes through an electric arc struck 
between two tungsten electrodes, whereupon the hydrogen molecules 
decompose into atoms. The latter re-unite into molecules at a short 
distance from the arc, producing a Very hot flame. The high tempera- 
ture of the flame is not due in this case to combustion of the hydrogen, 
but to the combination of its atoms into molecules. This process takes 
place especially rapidly on the surface of various metals which 
can be heated in such a way to temperatures over 4,000°C. All the 
metals melt easily in the monatomic hydrogen flame, even tungsten, 
the most refractory of them all (m.p. 3,370°C). Since monatomic 
hydrogen is a very active reducing agent, its flame is especially suit- 
able for welding metals subject to oxidation. 
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69. Beketov's Metal Displacement Series. In considering the meth- 
ods of preparation of hydrogenit was pointed out that some metals 
displace hydrogen from water more readily, others with greater 
difficulty and still others (iron, zinc) require a high temperature 
for this purpose; finally, there are some metals, such as copper and 
mercury, which do not displace hydrogen even at high temperatures. 

In the vertical series given below the most active metals 
are at the top; these are the alkali metals potassium and sodium 
which react vigorously with water, liberating hydrogen. They are 
followed by the alkaline-earth metals, barium, strontium and cal- 
cium, of which only calcium, the most important among them, has 
been included in the series. The alkaline-earth metals are less active 
than the alkali metals; although they displace hydrogen from water, 
the reaction takes place much less violently. Magnesium, the next 
metal, acts on water very slowly at ordinary temperatures, while 
zinc and iron react only with superheated steam. 

The list includes also hydrogen which, although it does not belong 
to the metals, is chemically similar to them. 

All the metals above hydrogen in this series will displace it from 
dilute acids; the velocity of the reaction increases upwards from lead 
to potassium. Metals below hydrogen (beginning with copper) do 
not displace hydrogen from acids. 

The metals were first arranged in the above sequence by the Rus- 
sian scientist N. Beketov as a result of his investigations on the dis- 
placement of elements by one another from their compounds. Beke- 
tov called this series the “Metal Displacement Series”. 


Metal Displacement Series 


Potassium Nickel 
Sodium Tin 
Calcium Lead 
Magnesium Hydrogen 
Aluminium Copper 
Manganese Mercury 
Zine Silver 
Iron Gold 


Nikolai Nikolayevich Beketov (1826-1911), Professor of the Kharkov Uni- 
versity, afterwards Academician, was one of the most distinguished Russian 
scientists, the author of investigations on chemical bonds and the stability of 
chemical compounds. 

Beketov’s most famous work is his “Studies of the Phenomena of Displace- 
ment of Elements by One Another”, published in 1865. Studying the action of 
hyCTOhen under pressure on mercury and silver salts, Beketoy discovered the 
remarkable fact that under such conditions these metals are displaced by hy- 
drogen, and came to the conclusion that the chemical action of the gas was pro- 
portional to its pressure or mass, thus anticipating the Law of Mass Action 


CES 


Nikolai Nikolayevich 
Beketov 
(1826-1911) 


formulated in more general form by Guldberg and Waage only two years later. 
On the basis of his investigations Beketov arranged all the metals in a sequence 
which afterwards became known as the electrochemical or e.m.f. series. He dis- 
covered the capacity of aluminium for displacing metals from their oxides at 
high temperatures. This discovery afterwards formed the basis of aluminothermy 
(see § 201) which has found wide application in metallurgy. Beketov’s WOrks 
in the thermal chemistry of the alkali metals are also widely known. 

One of Beketov’s great merits was the revival of physical chemistry as an 
indepedent science, the foundations of which had been laid by M. Lomonosov. 
Beketov continued the latter's initiative by introducing in 1865 a course of 
lectures and laboratory work in physical chemistry at the Kharkov University. 


70. Oxidation-Reduction (Redox) Reactions. In examining the 
properties of hydrogen in § 67 it was pointed out that hydrogen is 
capable of reducing many oxides, abstracting oxygen from them, 
and this process was contrasted with oxidation, i.e., the addition 
of oxygen. At first the oxidation and reduction concepts expressed 
nothing but the addition and abstraction of oxygen. Very soon, 
however, they received a broader meaning. Oxidation began to in- 
clude, besides the addition of oxygen, the abstraction of hydrogen 
from substances, on the grounds that abstraction of hydrgen takes 
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place mostly under the action of oxygen (for example 4NHs-+-30,= 
= 2Ns + 6H0). Similarly, reduction began to include not only the 
abstraction of oxygen, but the addition of hydrogen as well. Subse- 
quently these concepts were extended still further to include many 
reactions involving neither oxygen nor hydrogen, but essentially 
analogous to typical oxidation and reduction reactions. For instance, 
the combustion of metals in chlorine, bromine, and sulphur vapours. 
as well as any addition of non-metals, was termed oxidation: 

2Al + 3Br: = 2AlBrs is analogous to 4AlT+ 302 = 2Al20s 
2FeCl, + Cl, = 2FeCls is analogous to 4Fe0O + 0»: = 2Fes03 
The reverse change of AlBrs into Al or FeCls into FeCl, came to 
be known as reduction. Thus the “oxidation” and “reduction” concepts 
became rather vague and only the electron theory of structure of 
substance defined them quite accurately. 

If typical oxidation-reduction reactions are examined from an 
electronic point of view it will easily be seen that they are always 
accompanied by the transference of electrons from one set of atoms 
or ions to another, the oxidized substance losing electrons, and the 
reduced substance gaining them. Some examples are given below. 

1. Combustion of Magnesium in Ozygen: 


le- 


) ¥ 
2Mg + 0,=2Mg+ +07 - 


The magnesium atom has two electrons in its outer layer. When 
reacting with oxygen, two magnesium atoms lose four electrons to 
an oxygen molecule (two atoms) and become doubly positively 
charged Mg *-ions. The latter unite with the resulting oxygen ions 
into crystals of magnesium oxide, MgO. Thus, the combustion (oxi- 
dation) of magnesium is accompanied by the transition of electrons 
from magnesium to oxygen. 

2. Reduction of Cupric Oxide by Hydrogen: 


2e- 


\ 
CU++0-- + H,=Cu + HO 


In cupric oxide the copper ion bears two positive charges. In the 
course of the reaction electrons pass from the hydrogen atoms (mole- 
cules) to the cupric-ion; the copper becomes neutral, while the hydro- 
gen ions formed combine with the oxide ions into water molecules. 
Hence, it can be seen that the reduction of cupric oxide is accompanied 
by the addition of electrons to it (rather to Cu* *_ion). 

3. Reaction Between Ferric Chloride and Hydrogen Iodide in Solution. 
If solutions of ferric chloride and hydrogen iodide are mixed, free 
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iodine is liberated and the ferric chloride is converted to ferrous 


chloride: 
28 


L [ 
2ke+++Cl,7 +2H+I- =2Fet+Cl,” +I, +2H+Cc- 


In this reaction ferric chloride is usually said to be reduced to 
ferrous chloride and hydrogen iodide to be oxidized to free iodine. 
But it can be seen from the above equation that the electrons are 
transferred only from I_-ion to Fe***_jon, the latter turning into 
Fe* *-ion and I_-ion turning into neutral iodine atoms which then 
form Is molecules; Cl_-ion and H*-ion undergo no change as a result 
of the reaction. Thus, actually, it is not ferric chloride that changes 
into ferrous chloride but Fe**t-jion that changes into Fe *-ion; 
likewise, it is not hydrogen iodide, but I7-ion that is oxidized into 
iodine atoms. 

The following conclusions may be drawn from the above examples: 

1. Oxidation consists essentially in the loss of electrons by the 
atoms or ions of the substance being oxidized, while reduction consists 
essentially in the gain of electrons by the atoms or ions of the substance 
being reduced. Therefore today any process in which a substance 
loses electrons is called oxidation; on the other hand, any gain of 
electrons is regarded as reduction. 

9. No oxidation of any substance can take place without simul- 
taneous reduction of some other substance, since the loss of electrons 
by one set of atoms or ions is connected with another set of atoms 
or ions gaining them. 

For instance, in the combustion of magnesium in oxygen or air 
the magnesium is oxidized and simultaneously the oxygen is reduced; 
when hydrogen reacts with cupric oxide, the latter (or rather, 
Cu *-ion) is reduced, while the hydrogen is oxidized, ete. 

Thus, every reaction accompanied by a transference of electrons 
is a unity of two opposite processes, namely, oxidation and reduc- 
tion. 

That is why all such reactions are now called oxidation-reduction, 
or redox reactions. 

The substances whose atoms or ions gain electrons during the 
reaction are called oxidizing agents, or oxidants, while the substances 
that lose the electrons are called reducing agents or reductants. 

During the reaction the oxidizing agent abstracts electrons from 
the substance oxidized and is itself reduced. On the other hand, the 
reducing agent loses electrons and is thus oxidized. For instance, in 
the reaction between ferric chloride and hydrogen iodide (see above) 
the oxidizing agent is Fe* * *_-ion, which accepts one electron and is 
reduced to Fe* *-ion, while the reducing agent, I” -ion, loses one 
electron and is oxidized to iodine atoms. 


14" 
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This can be represented graphically by expressing the oxidation 
and reduction processes ‘by separate “electronic” equations (see 
p. 119): 

I= —e” =I (oxidation) 
reduc- 


ing 
agent 


Fet++ +e7 =Fet + (reduction) 
oxidi- 
zing 
agent 
The above described (§ 66) reactions of preparation of hydrogen 
from water and acids by the action of certain metals on them are 
also oxidation-reduction reactions. In all these reactions the metal 
atoms lose electrons, and are therefore the reducing agents, while 
hydrogen-ion gains electrons, and is therefore the oxidizing agent. 
For instance, in the reaction 
2e- 
EEE? 
Zn + H,S0,= ZnSO, + He 


Zn is the reducing agent, while H*-ion is the oxidizing agent. 

Consequently, hydrogen, regarded above (§ 67) as a reducing agent, 
acts as an oxidizing agent when it is in the form of positively charged 
ions.* 

The transition of electrons from one set of atoms or ions to another 
in redox reactions is naturally accompanied by a change in valency 
of the elements participating in the reaction. The valency change 
is a characteristic feature, by which the reaction can immediately 
be classed as redox. Since oxidation consists in the loss of electrons 
by atoms or ions and reduction in their gain, the algebraic valency 
value increases during ozidation (i.e., positive valency increases and 
negative valency decreases), and decreases during reduction. This will 
readily be seen if we examine the valency changes in the oxidized 
and reduced atoms or ions in the above examples. For instance, in the 
reaction between ferric chloride and hydrogen iodide the valency of 
the iron (the charge on the Fe* **_ions) decreases from + 3t0.+ 2, 
while the valency of the iodide (the charge on the I -ions) increases 
from —1 to 0 in free iodine, etc. 

The above theory of oxidation-reduction reactions was developed 
by the Russian Academician L. Pisarzhevsky (1874-1938)—the 
first scientist to make extensive use of the electron theory for explain- 
ing chemical processes. 


* In reactions with the active metals hydrogen atoms are also oxidants, 
gaining electrons and turning into negatively charged H--ions (see p. 203). 


CHAPTER X 


Water. Solutions 


WATER 


71. Water in Nature. Water is the most abundant substance on 
earth. Almost 3/4 of the surface of the globe is covered with water, 
which fills all natural basins, forming oceans, Seas, rivers and lakes. 
There is a great deal of water in the gaseous state (water vapour) in 
the atmosphere; water lies in immense quantities as snow and ice 
on the peaks of high mountains and in the polar regions all year 
round. Water is present not only on the surface of the earth, but in 
its depths as well, impregnating the soil and various rocks, and form- 
ing the source of springs and fountains. 

Natural water is never absolutely pure. The purest form is rain 
water, but even it contains various impurities entrapped from the 
air, such as dissolved gases, dust and microorganisms. 

Falling on the earth, rain water drains partly into streams and 
rivers, and is partly absorbed by the soil and various rocks to form 
subsoil waters. Seeping through the upper layers of the earth, water 
dissolves various substances on its Way. That is why the water of 
wells, springs, rivers and lakes always contains dissolved substances. 
The content of these substances in fresh waters varies greatly but 
is generally between 0.01 and 0.05 per cent. 

Salt water contains up to 4 per cent of dissolved substances, mostly 
common salt. Ocean water contains 3.5 per cent of salts, sea water 
from 0.5 to 3.9 per cent, depending on the water abundance of the 
rivers falling into the particular sea (the Mediterranean Sea contains 
3.9 per cent, the Black Sea 1.8 per cent, the Baltic Sea 0.5 per cent). 

Water containing a large quantity of calcium and magnesium 
salts is called hard, in contradistinction to soft water, Such as rain 
water, which contains very little dissolved matter. Hard water 
gives little suds with soap; meat and vegetables soften with great 
difficulty when boiled in it, and it forms a large amount of scale on 
the walls of boilers. 

Besides soluble impurities, natural water always contains suspend- 
ed solid particles of sand and clay, plant and animal residues, as 
well as all kinds of microorganisms. The latter may include morbilic 
bacteria which cause various diseases when they penetrate into the 
organisms of men or animals. 
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To free natural water from suspended particles it is filtered through 
a layer of some porous substance, such as charcoal, burnt clay, etc. 
Large-scale filtering is done exclusively through sand and gravel. 
Most of the bacteria are also arrested by the filters. Drinking water 
is chlorinated besides, for disinfection. Complete sterilization of 
water requires not over 0.7 gram of chlorine per ton of water. 

Only insoluble impurities can be removed from water by filtration. 
Absolutely pure water, not containing even soluble substances, is 
obtained by distillation. 

72. Physical Properties of Water. Pure water is a colourless trans- 
parent liquid with no taste or odour. The weight of 1 ml. of pure 
water at 4°C is accepted as the metric unit of weight and is called 
the gram. 

Unlike most other substances, the densities of which increase 
continuously upon cooling, the highest density of water is at 4°C. 
Above and below this temperature the density of water is lower. 
This anomaly of water is of very great importance, as it accounts 
for the fact that deep bodies of water do not freeze to the bottom 
in winter, so that life can be retained in them. 

Of no smaller importance in the life of nature is another anomaly 
of water, namely, the fact that water has the highest specific heat 
of all solid and liquid substances. This makes it grow cold slowly 
in winter and warm up slowly in summer and thus act as a tempera- 
ture regulator on the globe. 

The freezing point of pure water is accepted as the starting point of 
the centigrade thermometer scale and is designated by 0; the boiling 
point of water at normal pressure is indicated on the scale by 100. 

‘The composition of water by weight is 11.11 per cent hydrogen 
and 88.89 per cent oxygen. Hence, the simplest formula of water 
is H20. Determination of molecular weight of water by the density 
of its vapour at high temperatures shows it to be 18, which corre- 
sponds to its simplest formula. However, as the boiling point of water 
is approached, the vapour density increases somewhat and the molec- 
ular weight becomes a little higher than 18. The molecular weight of 
liquid water, determined by dissolving it in suitable solvents accord- 
ing to the method described in § 82, also proves to be higher than that 
corresponding to its simplest formula. All these facts led to the 
conclusion that along with simple H20 molecules liquid water con- 
tains more complex molecules in equilibrium with the latter, the 
composition of these complex molecules being expressed by the 
general formula (H20),. Such a combination of simple molecules 
into more complex ones without the chemical nature of the substance 
changing is called molecular association. 

Molecular association is generally due to the polarity of the mole- 
cules, as a result of which they attract each other by their unlike 
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poles, forming double, triple, etc., molecules (Fig. 59). But in the 
case of water the chief cause of association is the formation of “hy- 
drogen” bonds, as they are called, between the molecules. 

Investigations have established that when covalently linked with 
the atom of a highly electronegative element (especially fluorine 
or oxygen) the hydrogen atom is capable of 


combining with one more atom of the same 
element. This second bond is called a hy- DS BEECH 
drogen bond. 
This peculiarity of the hydrogen atom is 
due to the fact that when it loses its only 
electron to form a bond with a strongly 


electronegative element a nucleus of very CD 
small size remains, almost devoid of any 

electron shell. It is, therefore, not repelled. Fig. 59. Association of 
but attracted by the electron shell of any polar molecules 


third atom and may interact with it. 

In liquid water the hydrogen bond arises between the hydrogen 
atom of one water molecule and the oxygen atom of another according 
to the scheme 

) ies EASY 
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in which the hydrogen bonds are designated by dots. In the same 
way even more complex molecular aggregates may form in water. 
The most stable are the double molecules (H320)2, the formation 
of which is apparently accompanied by the appearance of two hydro- 
gen bonds: 
05H: KH 


ate 


The association of water molecules accounts for theabove-mentioned 
anomalies in its properties. It is supposed that at 0°C water consists 
to a considerable extent of (H20)s molecules. When heated from 
0°C to 4°C. the triple molecules dissociate into (H20)2 molecules 
which give water its greater density, probably on account of the 
presence of the two hydrogen bonds in them. Further heating leads 
to the double molecules breaking up into simple ones, so that the 
density of water gradually decreases. 

But even at 100°C water and water vapour still contain a certain 
amount of double molecules,. as a result of which the density of water 
vapour at 100°C does not quite correspond to the simplest formula 
of water, Hs0. 
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The high specific heat of water Is also due to the dissociation of 
complex molecules upon beating. Since dissociation Is accompanied 
= 4 absorption of beat, water when heated requiros the expenditure 

heat not only for raising its temperature but for decomposing its 
associated molecules as woll. 

Water Vapour. Like any liquid, water ovaporatos more or less 
rapidly when loft in an open vessel. If, however, the liquid is placed 
Ina container, empty or occupled by some gas, It will evapo 
rate ouly until » dynamic equilibrium is established between the না 
uid Its vapour, whereupon the same number of molecules will 
evaporate per unit time as return to the liquid. A vapour in equllib- 
tium with the liquid It originated from is called saturated, Its pros 
sure at any given temperature is different for different liquids. For 
Instance, at WC the prossure of saturated water vapour oquals 
17.A mm, Hg, that of alcohol 43.09 mm. Hg, of ether 442 mm. Hg, ote. 

val ls an endothermal process. Therefore, according to 
ler's Principle, cme | the temperature will shift the equl- 
Its vapour towards evaporation, and 

the vapour pressure will Inerease, 


Temperatore, C...0 0D 0 0 #0 100 
Pressure, ma, ++ ++ +46 174 55,0 149.2 355.5 700 


When the vapour ofa reaches the value of the 
extn pcos che Lond egos to ot, Fe bo t of water 
at atmospheric prommare ts IOTC, because at tem perature 
EAE UT becomes equal to 760 mn, Hy. 

transformation of water inlo team involves dee = 
AC 
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eyuals only 0.92, l.e., bce ls 1 than water. As the pressure ls 
Increased, the watlerice EG ls lowered st first (04. 
st « prosmire of 01 atm. water freezes only at — SC) but afterwards 
বৃ 9 atm.) IL begins to rise again and at very bigh prom umes 
ls above 0°, 

Investigations have shown that at pressures above 2,000 atm. 
five various forms of lee with specific gravities greater than unity 
can exist, beshdes ord lice! these varieties are denoted by the 
Homan numerals ILHILAV, V, and 
VI. The name “hol lee” bas 
suggested for lee VI, which forms 
under # pressure of 20,700 atm., as 
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of tice continues until the premare 
of the vapour formed from It reaches i 
a certain definite Yh 
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Fin Lrvaigpy or I ttn Meperelure, nyrettt 
as that of water vapour at OC, Vie. 4. Disgram state © welet 
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[ lure decteanms, vapour 
helt 1! ls only 0.4 min, ent of He Ee ol 
03 am. He. b bee evaporates 

ter 
পাত above dependence of the vapour promure of walter on the 


216 Chapter X. Water. Solutions 


The high specific heat of water is also due to the dissociation of 
complex molecules upon heating. Since dissociation is accompanied 
by absorption of heat, water when heated requires the expenditure 
of heat not only for raising its temperature but for decomposing its 
associated molecules as well. 

Water Vapour. Like any liquid, water evaporates more or less 
rapidly when left in an open vessel. If, however, the liquid is placed 
in a closed container, empty or occupied by some gas, it will evapo- 
rate only until a dynamic equilibrium is established between the liq- 
uid and its vapour, whereupon the same number of molecules will 
evaporate per unit time as return to the liquid. A vapour in equilib- 
rium with the liquid it originated from is called saturated. Its pres- 
sure at any given temperature is different for different liquids. For 
instance, at 20°C the pressure of saturated water. vapour equals 
17.4 mm. Hg, that of alcohol 43.9 mm. Hg, of ether 442 mm. Hg, etc. 

Evaporation is an endothermal process. Therefore, according to 
Le Chételier’s Principle, raising the temperature will shift the equi- 
librium between the liquid and its vapour towards evaporation, and 
the vapour pressure will increase. 5 

The pressure of water vapour at several different temperatures is 
as follows: 


Temperature, degrees C . . .0 20 40 60 80 100 
Pressure, mm. Hg . . . . . 4.6 17.4 55.0 149.2 355.5 760 


When the vapour pressure of a liquid reaches the value of the 
external pressure the liquid begins to boil. The boiling point of water 
at normal atmospheric pressure is 100°C, because at this temperature 
the pressure of water vapour becomes equal to 760 mm. He. 

The transformation of water into steam involves the absorption 
of a large amount of heat. To convert one mole of water at 100°C 
into steam at the same temperature 9.7 Cal. must be expended. Dur- 
ing the reverse transformation of steam into water the same amount 
of heat is released. 

Ice. Tf heat is removed from water at a temperature of 0°C and 
ordinary pressure, the water passes into its solid state—ice. On the 
contrary, if ice at 0°C is heated, it melts into water. A mixture of 
Water and ice will remain unchanged at 0°C if it neither receives 
heat from, nor loses it to, the environment. On these grounds the 
freezing point or, which is the same, the melting point, may be defined 
as the temperature at which a liquid is in equilibrium with the solid 
Phase of the same substance. 

The amount of heat given off when water freezes (and that absorbed 
When ice melts) equals 1.42 Cal. per mole of water. 

The transition of water into ice is accompanied by a considerable 
increase in volume, as a result of which the specific gravity of ice 
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equals only 0.92, i.e., ice is lighter than water. As the pressure is 
increased, the water-ice transition point is lowered at first (e.g., 
at a pressure of 615 atm. water freezes only at —5°C) but afterwards 
(above 2,000 atm.) it begins to rise again and at very high pressures 
is above 0°. 

Investigations have shown that at pressures above 2,000 atm. 
five various forms of ice with specific gravities greater than unity 
can exist, besides ordinary ice; these varieties are denoted by the 
Roman numerals IL,IILIV, V, and 
VI. The name “hot ice” has been 760 
suggested for ice VI, which forms 
under a pressure of 20,760 atm., as 
it melts at +76° C. 

Jee, like water, can evaporate. 
In a closed space the evaporation 
of ice continues until the pressure 
of the vapour formed from it reaches 
a certain definite value for each 
given temperature. The vapour 
pressure of ice at 0°C is the Shine Temp Gr SCTE MEE 
as that of water vapour at 0°C, Fig. 60. Diagram of state of water 
i.e., equals 4.6 mm. Hg. As the 
temperature decreases, the vapour pressure of ice falls rapidly: 
at —20°C it equals only 0.8 mm. Hg and at —50°C it is only 
0.3 mm. Hg. That is why ice evaporates much more slowly than 
water. 

The above dependence of the vapour pressure of water on the 
temperature, as well as the conditions of simultaneous existence of 
water in the various phases, can be represented graphically by means 
of what is known as the diagram of state of water (Fig. 60). 

On this diagram OA is the vapour pressure curve of water and 
OB that of ice. The points of the curve 04 show at which tempera- 
tures and pressures water and steam can exist simultaneously; those of 
the curve OB show the conditions of equilibrium between ice and 
its vapour. The curves intersect at point O, which shows the temper- 
ature and pressure at which all three phases can exist together in 
equilibrium. Therefore point 0 is called the triple point; it stands 
for a pressure of 4.6 mm. Hg and a temperature of +-0.007°C. The 
curve OC shows the influence of the pressure on the melting point 
of ice. Each point on this curve corresponds to a definite pressure 
and a definite temperature at which ice and water are in equilibrium 
with each other. The curves 04, OB and OC divide the entire area 
of the diagram into three fields, each of which corresponds to stability 
of only one of the three physical states of water. At temperatures 
and pressures corresponding to points in the area AOC water can 
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exist only in the liquid state. Similarly, the points of the areas marked 
“ice” and “steam” on the diagram indicate the temperatures and 
pressures at which only the solid or only the gaseous phases can 
exist. 

73. Chemical Properties of Water. Of the chemical properties of 
water we must point out primarily the high stability of its molecules 
to heat. However, at temperatures above 1,000°C water vapour be- 
gins to dissociate perceptibly into 
hydrogen and oxygen: 


2H,0O Z 2H, + 0,— 136.8 Cal. 


Since this reaction goes on with 
absorption of heat, a rise in temper- 
ature should shift the equilibrium 
to the right, according to Le Cha4- 
telier’s Principle. However, even at 
2,000°C the degree of dissociation 
is only 1.8 per cent. If the temper- 
ature drops below 1,000°C the 
equilibrium is shifted practically 
almost completely towards the for- 
mation of water; at ordinary tem- 
peratures there is such an insignilf- 
icant quantity of free hydrogen and 
oxygen molecules left that we have 
no means of detecting them. 


Fig. 61. Apparatus for demonst- 


rating dissociation of water at {s. | 
8 high temperatures: Various methods are used for determin- 


1, flask; 2 ga3..delivery., tubes, .3— ing the degree of dissociation of sub- 
platinum filament; 4—cylinder for col- stances at high temperatures. One of them 
lecting products of dissociation of water is based on what is known as “equilibrium 

blocking”. If the dissociation products 
formed at a high temperature are quickly cooled, the equilibrium does not get 
a chance to shift immediately, and does not shift afterwards, due to the very 
Slow rate of the reaction at low temperatures. Thus, the ratio that existed 
between the substances at the high temperature remains unchanged and can 
then be determined by analysis. 


The dissociation of water at high temperatures can be demonstrated 
by the following experiment. A little water is placed in flask 1 
(Fig. 61) fitted with a rubber stopper carrying gas delivery tube 2 and 
two large-diameter copper wires connected by thin platinum fila- 
ment 3. The water in the flask is heated to boiling, and after all the 
air has been expelled from the flask by the water vapour, the end of 
the delivery tube is brought under cylinder 4 filled with water. After 
this the platinum filament is heated to a high temperature by passing 
electric current through it. Gas bubbles thereupon immediately begin 
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to escape from the tube and gradually fill the cylinder. When the 
cylinder is full of gas it is taken out of the water and a flame applied 
to its mouth. The explosion indicates that the cylinder had been full 
of detonating gas. 

In spite of its stability to heat water is a very reactive substance. 
The oxides of many metals and non-metals combine with water to 
form bases and acids; many salts form crystal hydrates with water; 
the most active metals react with water liberating hydrogen, etc. 
Later on we shall become acquainted with other reactions in which 
water participates. 


SOLUTIONS 


Solutions play a very important part in life and in the practical 
activities of man. Suffice it to mention that the processes of food 
assimilation by man and animals involve the dissolving of nutritious 
substances. All the most important physiological liquids (blood, 
lymph, etc.) are solutions. Finally, all industrial processes based 
on chemical processes are connected more or less with the use of 
various solutions. 

Having daily to deal with solutions, men long since took an inter- 
est in their properties, but the fundamental relationships governing 
their behaviour were established only in the XVIII century. 

Lomonosov gave a great deal of attention to the study of solutions. 
He investigated the influence of the temperature on the dissolving of 
various substances, thermal phenomena taking place when substances 
dissolve, the freezing of solutions, crystallization phenomena, etc. He 
established that the act of dissolving is always accompanied by an 
energy effect, and in this connection indicated the necessity of dis- 
tinguishing strictly between two types: a) processes of dissolving 
during which heat is released, such as when metals are dissolved in 
acids, which is-essentially a. chemical reaction between the acid and 
the metal, since evaporation. of the solution does not lead to deposi- 
tion of the initial metal, but of its salt with the acid used; b) proces- 
ses of dissolving during which heat is absorbed, such as the dissolv- 
ing of a salt in water, whereupon the solute undergoes no chemical 
change, but is deposited as the same substance when the solution is 
evaporated. 

74. Properties of Solutions. A solution is a solid or liquid homoge- 
neous system consisting of two or more components, the relative 
quantities of which may vary over quite a wide range. The most 
important are liquid solutions, which will be dealt with in this 
paragraph. 

Any solution consists of a dissolved substance called the solute 
and the medium through which the solute is uniformly distributed 
as molecules or as ions, this medium being commonly known as the 
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solvent. However, it is not always easy to determine which of the 
substances is the solvent and which the solute. Usually the component, 
which in the pure form has the same physical state as the solution 
itself, is considered the solvent (for instance, in the case of an aqueous 
solution of a salt the solvent is, of course, water). If both components 
possess the same physical state out of solution (e.g., alcohol and 
water), the component presentin greater quantity is the solvent. 

The homogeneity of solutions makes them very similar to chemical 
compounds. The evolution of heat observed when some substances 
are dissolved also indicates that a certain chemical reaction takes 
place between the solvent and the solute. The difference between 
solutions and chemical compounds is that the composition of the lat- 
ter is constant, while the composition of a solution prepared from any 
given components may sometimes vary over quite a wide range. 
Besides, many properties of the separate components can be detected 
among the properties of the solution, which is not the case with chem- 
ical compounds. The inconstancy of the composition of solutions 
approaches them to mechanical mixtures, but they differ sharply 
from the latter by their homogeneity. Thus, solutions are interme- 
diate between mechanical mixtures and chemical compounds. 

75. The Act of Dissolving. To prepare a solution of any substance 
it is enough to leave the latter in contact with the solvent for some 
length of time. When this is done, most solid substances and all 
gases dissolve only to a certain limit. For instance, if more than 
36 gr. of common salt is added to 100 gr. of water at room tem- 
perature the salt will not dissolve entirely no matter how long we 
shake the water with the salt. A solution-in which the solute will 
not dissolve any longer even after prolonged shaking is called a 
saturated solution at any given temperature. 

The solid substance evidently dissolves in the liquid as follows. 
As we know, the molecules of any substance are in constant motion, 
this motion being of an oscillatory nature in solid substances. When 
we place a solid in a liquid which can dissolve it, individual molecules 
are gradually torn away from its surface as a result of interaction 
with the molecules of the solvent. Due to diffusion these molecules 
are distributed evenly throughout the bulk of the solvent. The sep- 
aration of the molecules from the surface of the solid is caused by their 
own oscillatory motion on the one hand, and by attraction on the part 
of the solvent molecules on the other. This process would continue 
until all the solute present dissolved, were it not for the reverse 
process, namely, crystallization, proceeding simultaneously. When the 
molecules which have passed into solution collide with the surface 
of the substance not yet dissolved, they are attracted back to it and 
form part of its crystals. Obviously, the higher the concentration of 
the solution, the faster the solute molecules will deposit from it. And 
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since the concentration keeps increasing as the substance dissolves, 
there comes a moment at length when the rate of solution becomes 
equal to the rate of crystallization and the following dynamic equi- 
librium is established: 


undissolved solute = solute in solution 


in which the number of molecules dissolved per unit time equals 
that falling out of the solution again. Then, the concentration of the 
solution stops increasing, i.e., the solution becomes saturated. 

Hence, a saturated solution is one which can remain in equilibrium 
indefinitely with an ezcess of the solute. 

76. Concentration of Solutions. To obtain a saturated solution 
the solute is added to the solvent in a large enough quantity to leave 
part of it undissolved. Saturated solutions are used comparatively 
rarely. In most cases unsaturated solutions are used, i.e., solutions 
with lower solute concentrations than those of saturated solutions. 

The concentration of a solution is the quantity of solute contained 
in a definite weight or in a definite volume of the solution. Solutions 
with high solute concentrations are called concentrated and with 
low concentrations— dilute. 

The concepts “concentrated” and “saturated” should not be confused. 
A concentrated solution is by no means necessarily a saturated one. 
For instance, a solution containing 20 gr. KNO;s in 100 gr. of water 
is quite concentrated, but if its temperature is 20°C it is far from 
saturated. To obtain a saturated solution at this temperature 31.5 gr. 
of potassium nitrate would have to be taken for every 100 pr. 
of water. 

A saturated solution may be very dilute if the solute is only slight- 
ly soluble. By way of example it may be pointed out that a saturated 
solution of gypsum contains but 0.21 gr. of solute in 100 gr. of so- 
lution at 20°C. 

The concentration of solutions can be expressed quantitatively in 
various ways. Three methods of expressing concentrations are the 
most current in chemical practice: 


1. By the percentage of solute with respect to the total quantity of 
solution. For example, a 15 per cent solution of common salt contains 
15 gr. of salt and 85 gr. of water in every 100 gr. of solution. 


2. By the number of moles of solute contained in one litre of solution. 
Solutions with their concentrations expressed in this manner are called 
molar. They are denoted by the letter M preceded by a coefficient indi- 
cating the “molarity” of the solution, i.e., the number of moles per 
litre of solution. For example, a 2 M solution contains two moles 
of solute in one litre, a 0.3 M solution contains 0.3 mole per litre, 
etc. 


222 Chapter X. Water. Solutions 


A solution of a given molarity, for instance a 0.5 M solution of soda 
ash Na C03, is prepared as follows: 0.5 mole of soda ash, i.e., 58 Er. 
(the molecular weight of Na 2C0 s being 106), is weighed out and placed 
in a one-litre measuring flask, which has a mark scratched on its 
neck indicating a volume of exactly one litre (Fig. 62). Then enough 
water is added to dissolve all the soda ash, after which the flask is 
filled up to the mark with water. 

The use of molar solutions is convenient in the respect that equal 
Volumes of solutions of equal molarity contain equal numbers of 
solute molecules. 

Sometimes the concentration of a solution is expressed by the 
number of moles of solute in 1,000 gr. of solvent. In contradistinction 
to molar solutions such solutions are called molal. 

3. By the number of gram-equivalents* of solute 
contained in one litre of solution. Such solutions are 
generally known as normal solutions. 

A solution which contains one gram-equivalent of 
Solute per litre is called a uninormal or just normal 
solution and is denoted by the letter “N”. If the solution 
contains 0.5 gram-equivalent per litre it is called semi- 
normal (0.5 N), if it contains 0.1 gram-equivalent, 
deci-normal (0.1 N), ete. 

Fig 62 When preparing normal solutions of complex sub- 

Measuring  Stances—acids, bases and salts—it must be kept in 
flask mind that the equivalent weight of an acid equals its 
molecular weight divided by its basicity, i.e., by the 

number of atoms of replaceable hydrogen in the acid molecule. 

The equivalent weight of a base equals its molecular weight divided 
by the valency of the metal atom in it. 

As to salts, their equivalent weights are found by dividing the 
molecular weight of the salt by the number of atoms of the metal 
in its molecule and by the valency of the metal. 

For instance: 

The equivalent weight of HNO; (mol. wt. 63) equals 63:1 = 63 

The equivalent weight of H,SO, (mol. wt. 98) equals 98:2= 49 

The equivalent weight of Ca(OH), (mol. wt. 74) equals 74:2= 387 

The equivalent weight of Al(SOs)s (mol. wt. 342) equals 342: (2 X83) = 57 


1000ml 
200% 


Normal solutions are widely used in chemistry in reactions between 
dissolved substances. If normal solutions are used, it is easy to pre- 
calculate the volume ratios in which they should be mixed for the 
dissolved substances to react without residue. Since the weights of 
the reacting substances are proportional to their equivalent weights, 


* A gram-equivalent is the number of grams of a substance equal to its 
equivalent weight. 
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the solutions should be taken for the reaction in volumes containing 
equal numbers of gram-equivalents of their solutes. If the normalities 
of the solutions are equal, the volumes taken will obviously also be 
equal; if they are different, the volumes will be inversely proportional 
to their normalities. 

Tf the volumes of the solutions expended on the reaction are vi 
and v2, and their normalities, i.e., concentrations expressed in gram- 
equivalents per litre, are, respectively c+ and cs, the relation between 
these values can be expressed by the proportion: 

0:03 02:0, 
or 
Vie —=00g 


This relation can be used not only to calculate the volumes of 
Solutions needed to carry out various reactions, but also for the 
reverse, namely, to find the concentrations of the solutions, and 
hence the weights of the reactants, by the volumes expended on the 
reaction. 

Example 1. How many millilitres of 0.3 N NaCl] solution must be added to 
150 ml. of a 0.16 N AgNO; solution to precipitate all the silver in solution as 
AgCl? 

We write the proportion: 

0.3:0,16= 150: + 
whence 


0.16.150 
= 3 80 ml. 


Example 2. 24 ml. of a 0.2 N solution of alkali hadJto be added to 40 ml. 
of a sulphuric acid solution to neutralize it. Find the number of grams of H,S0, 
contained in the volume of solution taken. 

Denoting the unknown normality of the sulphuric acid solution by 2, we 


write the proportion: 
40:24=0.2:7 
whence 
24.0.2 
0 012 
Since a EEN of sulphuric acid (mol. wt. 98) equals 98: 2= 49, 


one litre of 0.12 N solution obviously contains 49 X 0.12 = 5.88 gr. HoS04,. 
The quantity of sulphuric acid contained in 40 ml. of solution can be found 


from the proportion: 
1,000 :40 = 5.88: 2 


40X5.88 _ 
2 = O00” =0.2852 gr. 


Finding the volumes of solutions expended on reactions is the 
basis of a method of quantitative determination of substances known 
as volumetric analysis. 
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The volumes of solutions can be measured accurately by means 
of burettes (Fig. 63). A burette is a glass tube narrowed at the lower 
end and furnished with a cock for drawing the liquid, or with a glass 
tip connected to the burette by means of a piece of rubber tubing 
with a pinch cock. The tube is usually calibrated to tenths of a milli- 
litre. When a definite volume of liquid has to be measured out at 
once, a pipette (Fig. 64) is commonly used. 

For volumetric determinations it is necessary 
to bring out the end point of the reaction be- 
tween the dissolved substances by some sufficiently 
clear-cut external indication, such as a change 
in the colour of the solution. For this purpose a 
small amount of indicator is added to the test 
solution; an indicator is a substance which does 
not influence the course of the reaction, but 
changes its colour abruptly as soon as an excess 
of one substance in the solution is replaced by a 
very Slight excess of the other. For instance, in 
reactions between acids and alkalis the indicator 
may be a solution of litmus, which changes its 
colour with the transition of acid solution to alka- 
line and vice versa. 

The determination is carried out as follows. A 
definite volume of the test solution is measured 
out into a small beaker by means of a pipette, 
and several drops of an indicator solution are 
added to it. The beaker is held under a burette, 
from which a second solution of exactly known 
concentration is added in small portions, until 
the colour of the indicator changes. Then the 
volume of solution added is read off by the cal- 
ibrations on the burette. The concentration of 
Fi 3 the test solution is calculated from the ratio 

ig. 63. Fig. 64. fh ys ড 

Burette Pipettes between the volumes of the solutions used up in 
the reaction (see Example 2). 

In volumetric analysis the concentration of the solution is often 
expressed by the number of grams of solute in one ml. of solution. The 
concentration expressed in this manner is called the titre of the so- 
lution. Hence, the method of determining concentrations described 
above is called titration. 

* 77. Solubility. Solubility is the ability of a substance to dissolve 
in any given solvent. 

The measure of solubility of a substance at any given conditions is 
the concentration of its saturated solution. Therefore, numerically 
solubility can be expressed in the same way as concentration, for 
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instance, as the percentage content of the solute or in moles per litre 
of solution. Very often solubility is also expressed as the number 
of grams of substance which can dissolve in 100 gr. of solvent. 
The solubility of various substances in water varies over a wide 
range. If over 10 gr. of substance can dissolve in 100 gr. of water 
at room temperature, the substance is considered soluble; if less 
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Fig. 65. Solubility curves of various salts 


than 1 gr. of substance will dissolve, it is termed slightly soluble, 
and the substance is practically insoluble if less than 0.01 gr. of 
it passes into solution. Absolutely insoluble substances do not exist. 

The solubility of almost all solids increases with rising tempera- 
ture. For instance, the following amounts of potassium nitrate can 
dissolve in 100 gr. of water depending on the temperature. 


Temperature, degrees C. ... 0 20 40 60 80 100 
Solubility, grams = ns 13.5 31.5 64 110 169 247 


The change in solubility with increasing temperature is usually 
non-uniform and different for various substances. 


15381 


He 
be { 


4 


i ft visite {S3 
Htzbih: Bf 
HAE tl: 


‘peat tt 
i 


228 Chapter X. Water. Solutions 


Table 11 
Solubility of Gases in Water 


Solubility of gas, 
ml. per 100 ml. water 
Gas ——  — _—_— 
at 0°C | at 20°C 
Hydrogen . . ues 2.15 1.82 
CO ESPER Ne td 4.89 351 
Nitrogen . . ee 2.35 1.54 
Carbon dioxide .... 171 87.8 
OBLONG ea feel 491 226 
MOUlate! 2 ate ln 5.56 3.30 


must be taken into account when calculating the solubility of gases 
in mixture with other gases. 

Suppose, for instance, it is required to calculate the composition 
of air dissolved in water. If atmospheric air is assumed to consist, 
in round figures, of !/s of oxygen and 4/5 of nitrogen by volume, 
the partial pressure of the oxygen under a total pressure of one atmos- 
phere will be 0.2 atm. and that of nitrogen 0.8 atm. At normal pres- 
sure and a temperature of 20° C 100 ml. of water will dissolve 3.1 ml. 
of oxygen and 1.54 ml. of nitrogen. Hence, at a pressure of 0.2 atm. 
the amount of oxygen dissolved should be 3.1 Xx 0.2 = 0.62 ml. (re- 
duced to a pressure of 1 atm.); the amount of nitrogen dissolved 
at a pressure of 0.8 atm. should be 1.54». 0.8 = 1.232 ml. Thus, the 
air dissolved in water will contain approximately 33 per cent oxygen, 
i.e., considerably more than atmospheric air. 

Solutions of gases in liquids should bejkept in airtight jars, since 
it is impossible otherwise to maintain above the liquid the pressure 
at which it was saturated with the gas: if the jar is open, the gas 
will diffuse into the air, its partial pressure will drop, and the dis- 
solved gas molecules will gradually come out of solution. 

78. Mendeleyev’s Hydrate Theory. When solids are dissolved in 
liquids, the usual energy effect is absorption of heat, so that the 
temperature of a freshly prepared solution is lower than that of 
the liquid used for its preparation. 

Some solids dissolve, liberating heat. For instance, when caustic 
Soda, potash or anhydrous copper Sulphate are dissolved in water, 
the temperature rises perceptibly. 

Heat is liberated also sometimes when liquids, and always when 
gases are dissolved. 

The quantity of heat absorbed (or Liberated) when one mole of a sub- 
stance is dissolved is called its heat of solution. 
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The heat of solution is negative in value if heat is absorbed during 
solution, and positive if heat is evolved. For instance, the heat of 
solution of ammonium nitrate equals —6.32 Cal., that of Glauber’s 
salt —18.76 Cal. and of caustic potash 413.3 Cal., etc.* 

When a solid dissolves, its crystal lattice is broken down and its 
molecules (or ions) distributed through the bulk of the solvent, all 
this requiring the expenditure of energy. Therefore, the act of dissolv- 
ing proper should lead to absorption of heat. But if in some cases the 
reverse is observed, it shows that simultaneously some chemical 
reaction is taking place between the solvent and the solute, during 
which more heat is liberated than is required to break down the 
crystal lattice. 

Indeed, by various methods of investigation it has been proved 
that when dissolved the molecules of many substances unite with 
the molecules of the solvent to form a special type of compounds 
called solvates. Particularly, when the solvent is water, these com- 
pour are called hydrates and the process of their formation hy- 
dration. 

The formation of solvates is due to the polarity of the solute mole- 
cules, owing to which the latter attract the polar molecules of the 
solvent. It is obvious that the more polar both types of molecules 
are, the more stable the solvates. And since water molecules have 
the highest polarity of all ordinary solvents, we have to deal mostly 
with hydrates in practice. 

The idea of the existence of hydrates in aqueous solutions was 
suggested and grounded in the eighties of last century by Mendeleyev. 

Mendeleyev held that solution is not only a physical process, 
as was thought at that time, but a chemical process as well; that 
the substances dissolving in water could form various compounds 
with it. This becomes evident primarily from a study of solution 
heats. “If the act of dissolving consisted only in a change of physical 
state,” wrote Mendeleyev, “the amount of heat developed by gases 
or absorbed by solids upon dissolving would correspond to that 
change of state; actually, upon dissolving, a gas always gives off 
more and a solid absorbs less heat, owing to the fact that chemical 
union, accompanied by the evolution of heat, takes place during 
solution.” 

Another confirmation of the chemism of solution is that many 
substances crystallize out of their aqueous solutions in a form con- 
taining what is known as water of crystallization (see below), a 
definite number of water molecules combining with each molecule 


* Solution heat values vary slightly depending on the quantity of solvent 
used and the temperature at which the solute is dissolved. The above figures 
are for room temperature and a large amount of water (one mole of solute per 


200 or 400 moles of water). 
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of solute. “This,” wrote Mendeleyev, “leads us to believe that there 
are such or similar compounds between the solute and the solvent in 
the solutions themselves, though in liquid (and partly decomposed) 
form.” 

Indeed, in studying the dependence of the specific gravities of 
Sulphuric acid solutions on their concentration, Mendeleyev detected 
a number of bends on the dependence curves, indicating the existence 
of definite compounds between sulphuric acid and water in the 
solution. Similar data were obtained by him for solutions of calcium 
chloride and several other substances. 

Mendeleyev’s views on solutions and on the act of dissolving 
were expounded by him in the form of his hydrate theory in his 
major work. “Investigation of Aqueous Solutions by Their Specific 
Gravity” and in his textbook “Principles of Chemistry.” These 
views were challenged in their time by many scientists, especially 
after the appearance of the Theory of Electrolytic Dissociation 
(see Chapter XII). However, later investigations in this field fully 
confirmed Mendeleyev’s assumption as to the existence of hydrates 
in solutions, and his hydrate or “chemical” theory of solution, extend- 
ed and brought into conformity with Van’t Hoff and Arrhenius’s 
“physical” theory, has now become a_.composite part of the general 
theory of solutions. 

Hydrates are rather unstable compounds, decomposing in many 
Cases upon evaporation of their solutions. But often the hydrate 
Water is so stably combined with the molecules of the solute that 
it remains a composite part of the crystals of the latter when they 
fall out of solution. Such crystalline formations containing water 
molecules as independent units, are known as crystal hydrates, and 
the water contained in them is called water of crystallization or hy- 
dration. Crystal hydrates are especially common with various salts. 

The composition of crystal hydrates is usually expressed by for- 
mulas showing the amount of crystallization Water contained in 
them. For example, the crystal hydrate of copper sulphate (blue 
vitriol) containing five gram-molecules of water per gram-molecule 
of CuSO; is expressed by the formula CuSO, .5Hs0, the crystal 
hydrate of sodium sulphate (Glauber’s salt) by the formula 
Na2S0 ;, .10Hz0, etc.* 


* According to the old chemical nomenclature the products of the reaction 
between oxides and water were also called hydrates. However, those hydrates 
differ considerably from crystal hydrates. While water is contained in the latter 
as integral molecules, in hydrated oxides the oxide and water molecules are 
broken down and new molecules formed from their atoms. For instance, calcium 
hydroxide (formerly called hydrated calcium oxide) does not contain any water 
molecules and is regarded as consisting of calcium and hydroxyl radicals. There- 
fore its composition is represented by the formula Ca(OH)s, and not CaO. H,0. 
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The strength of the bond between a substance and its water of 
crystallization is unequal in different crystal hydrates. Many of them 
can lose their water of crystallization even at room temperature. 
Thus, for instance, if transparent crystals of ordinary “washing” 
soda (NasCO3-10H20) are left standing in the air‘they “efiloresce,” 
i.e., lose water very readily, become dull and gradually turn into a 
powder. Other crystal hydrates have to be heated quite strongly 
before they will part with their water. 

To see what the loss of water by crystal hydrates depends on, 
the following experiment may be performed: introduce a tiny crystal 
of blue vitriol into the Torricellian vacuum of a barometric tube. 
The crystal immediately begins to lose water, and the mercury in 
the tube will gradually be depressed until the pressure of water 
vapour reaches a certain value. If the temperature is increased the 
crystal loses more water, the pressure of its vapour increases and the 
mercury will drop still further. On the contrary, if the temperature 
is lowered, part of the water recombines with the salt, the vapour 
pressure falls and the mercury rises. Thus, the decomposition of 
Jlue vitriol into the anhydrous salt and water is a reversible process. 

In a closed space the following equilibrium exists: 


CuSO,-5H,0 = CuSO, + 5H,0 


At each temperature the state of equilibrium corresponds to a 
definite pressure of the water vapour formed, called the vapour 
pressure of the crystal hydrate. When the temperature is raised the 
equilibrium shifts towards the formation of the anhydrous salt, 
as should be expected according to Le Chatelier’'s Principle, since 
decomposition of the crystal hydrate is accompanied by absorption 
of heat; when the temperature falls the reverse reaction takes the 
upper hand. 

The vapour pressure of various crystal hydrates is far from identi- 
cal. For instance, at 30° C the vapour pressure of Glauber’s salt, 
2S0,-10H,0, equals 27 mm., that of blue vitriol, CuSO, .5Hs20, 
5 mm. and of barium chloride, BaCls-2H20, only 4 mm. Hg. 

Atmospheric ‘air always contains water vapour, usually about 
60 per cent of the amount needed to saturate it. Those crystal hydrates 
whose vapour pressure is higher than the pressure of the water vapour 
contained in the air, gradually lose their water at ordinary tempera- 
tures, i.e., effloresce; such are Glauber’s salt, washing soda and others. 
Crystal hydrates with smaller vapour pressures do not apparently 
decompose, while some of them even absorb water vapour from the 
air. For instance, granular calcium chloride CaCl, -2Hs20 is used to 
dry gases precisely because its vapour pressure is very low and it 
combines with water vapour to form a new hydrate containing more 


water, namely CaCls-6Hs0. 
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The formation of hydrates is accompanied by a release of heat. 
When a substance subject to hydration is dissolved, the total thermal 
effect is the sum of the thermal effect of dissolving proper and that 
of hydration. Since the first of these processes is endothermal and 
the second exothermal, the total thermal effect of the act of dissolv- 
ing must be equal to the algebraic sum of the effects of these two 
processes and may be either positive or negative. Consequently, if 
we determine separately the heat of solution and the total thermal 
effect of the act of dissolving, the heat of hydration can be calculated 
therefrom. 


Example. When one mole of anhydrous calcium chloride is dissolved, 17.4 
Cal. are liberated, and when one mole of the calcium chloride crystal hydrate 
CaCl, . 6H,0 is dissolved 4.3 Cal. are absorbed. The latter value is evidently 
the heat of solution, since hydration does not take place in this case, the solute 
being already hydrated. Denoting the heat of hydration by Q, we may write 
on the basis of the above: 


Q—4.3 Cal. =17.4 Cal. 
hence 
Q=21.7 Cal. 


Thus, the heat of hydration of CaCl, equals 21.7 Cal. 


79. Supersaturated Solutions. The solubility of most substances 
decreases as the temperature falls and therefore if hot saturated 
Solutions are cooled, the excess of solute usually crystallizes out. 
However, if these solutions are cooled carefully and slowly, care being 
taken not to let any solid particles of the solute drop into the solu- 
tion, the crystals may not fall out. In this case the resulting solution 
contains considerably more solute than is required to saturate the 
Solution at that temperature. This phenomenon was discovered and 
studied in detail by the Russian Academician T. Lovits (1794), 
Who called such solutions supersaturated. If left undisturbed they 
may remain unchanged for years. But if only a tiny crystal of the 
Solute is thrown into the solution, other Crystals immediately begin 
to grow around it and in a short time the entire excess of solute 
will have crystallized out. Sometimes crystallization may be initiated 
by simply shaking the solution or by rubbing a glass rod against 
the walls of the vessel containing the solution. A considerable amount 
of heat is liberated during crystallization, so that the vessel and the 
solution become perceptibly warmer. Supersaturated solutions are 
Obtained very readily with Glauber’s salt, borax, hypo, etc. 

From the above it follows that supersaturated solutions are un- 
Stable systems capable of existing only if there are no solid particles 
of the solute present in the solution. The Possibility of these solutions 
existing for a long time is due to the difficulty of the initial formation 
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of minute “germ” crystals, called crystallization centres, from which 
crystallization spreads through the bulk of the solution. 

Since the crystals of each substance are characterized by a quite 
definite arrangement of the particles forming them, the appearance 
of a crystallization centre evidently requires that the particles, 
which are in a state of continuous disorderly movement in the so- 
lution, be grouped at some point of the solution precisely in the order 
characteristic of the crystals of the substance in question. A consid- 
erable length of time may pass before such a group arises sponta- 
neously. 


CHAPTER XI 


Properties of Solutions 


80. Osmotic Pressure. Investigation of the properties of dilute 
Solutions reveals a close analogy between the gaseous state of sub- 
Stance and its state in solution. 

Just as the molecules of a gas, owing to their motion, occupy 
the greatest possible volume and exert pressure on the walls of their 
containers, so the molecules of a dissolved substance also tend to 
occupy a maximum volume. The volume of the gas is determined 
by the size of the vessel, while the volume through which the mole- 
cules of a solute can be distributed is determined by the volume 
of the solution. If a concentrated solution of some Substance, say 
4 solution of sugar, is placed in a cylinder and a layer of pure water 
carefully poured onto it, the sugar molecules will gradually become 
uniformly distributed throughout the entire volume of the liquid. 
This phenomenon is known as diffusion. Diffusion continues until 
the concentration of the sugar molecules becomes uniform in all the 
layers of the liquid. 

Distribution of the sugar and water molecules evenly throughout 
the volume of liquid may take place in two Ways: either the sugar 
molecules leave the lower layer and Pass into the upper until their 
concentration in both layers becomes equal, or water molecules pass 
from the upper layer into the lower until they mix uniformly with 
the sugar molecules. The final result is obviously the same in both 
cases. Actually, the concentration is equalized in both ways, i.e., 
both by the sugar molecules passing into the water and by the water 
molecules passing into the sugar solution. 

Now suppose the water and the sugar solutions are Separated by a 
porous membrane through which the water molecules can pass 
freely, but which the sugar molecules cannot penetrate. Such a 
“‘semi-permeable” membrane can be obtained, for instance, by 
impregnating a porous clay cylinder with copper sulphate solution 
and then immersing the cylinder in a solution of potassium ferricya- 
nide. Asa result of this treatment copper ferricyanide will be deposit- 
ed in the pores of the cylinder and the cylinder walls will become 
Semi-permeable. 
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If a cylinder thus treated is filled with a solution of sugar and 
immersed in pure water the concentrations will be equalized (rather, 
the concentration of the sugar solution will decrease) only as a result 
of migration of the water molecules. A greater number of the latter 
will diffuse into the solution than out of it; for this reason the volume 
of the solution will gradually increase and the sugar concentration 
in it decrease. Such unidirectional diffusion through a 
semi-permeable partition is called osmosis. If there 
is enough water available its passage into the solu- 
tion through the semi-permeable partition should, strict- 
ly speaking, continue indefinitely, unless it is stopped 
by some force acting in the opposite direction. 

Now take!a vessel with semi-permeable walls and 
a long narrow vertical tube at the top (Fig. 67). Fill 
it with a solution of sugar and immerse it in a vessel 
containing the pure solvent. As a result of osmosis the 
volume of the solution gradually increases and the so- 
lution begins to fill the vertical tube. As the level of 
the solution in the tube rises, there appears, an excess 
hydrostatic pressure equal to the difference between 
the levels of the solution and the solvent; this pressure 
counteracts the penetration of solvent molecules into 
the solution, When the hydrostatic pressure reaches 
a certain value, osmosis ceases. The force which 
causes 0Smosis is called the osmotic pressure of the solu- 
tion. The magnitude of the osmotic pressure is deter- AS 
mined by the external pressure on the solution under Fig. 67. 
which osmosis ceases.* Apparatus 

Osmosis plays a very important part in the life for demon- 
of animals and expecially plant organisms. Cell walls BAGH 
are membranes which are easily penetrated by water sure of solu- 
but are almost impermeable to the substances dis- tion 
solved in the cellular fluid. Passing into the cells water 
raises the pressure within them, slightly distending the cell walls 
and keeping them in a tense state. That is why the soft organs of a 
plant, such as grass stems, leaves, flower petals, possess a certain 
elasticity. If the plant is cut the volume of cellular fluid decreases 
due to the evaporation of water through the cell walls, the cell walls 
fall in and become flabby: the plant withers. But if the partly with- 
ered plant is placed in water osmosis again sets in, the cell walls 
again become tense and the plant resumes its previous ap- 


pearance. 


* In the experiment described the measure of osmotic pressure would be the 
pressure of the liquid column in the vertical tube. 
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Osmosis is also one of the factors causing the rise of water up the 
stem of a plant, the growth of its cells and many other phenomena. 

The first exact measurements of osmotic pressure carried out by 
the German scientist Pfeffer led to the establishment of the following 
two rules: 


1. The osmotic pressure of a solution is directly proportional to 
the concentration of the solute. 

2. The osmotic pressure is proportional to the absolute lempera- 
ture of the solution. 


In 1866 the Dutch physico-chemist Van’t Hoff first drew atten- 
tion to the complete analogy between these rules and the gas laws 
of Boyle-Mariotte and Gay-Lussac. Using the numerical data obtained 
in measurements of the osmotic pressure he showed that the osmotic 
pressure of dilute solutions can be expressed by an equation quite 
similar to the equation of state of a gas 


B= RG 


where P is the osmotic pressure and V the volume of solution con- 
taining one gram-molecule of solute. It was found that the constant 
R has the same numerical value as in the gaseous equation of state 
(0.082 1. atm./deg.). Hence it follows that Avogadro's Law is also 
applicable to dilute solutions. Indeed, experiment shows that equi- 
molecular solutions (i.e., solutions containing equal numbers of mole- 
cules per litre) of various substances have equal osmotic pressures at 
the same temperature. In particular, solutions containing one gram- 
DOE of solute in 22.4 |. have an osmotic pressure equal to 1 atm. 
aAt0°.C, 

Solutions of equal osmotic pressure are called isotonic. 

Thus the osmotic pressure, like the Pressure of a gas, depends only 
on the number of molecules of the solute at constant volume and tem- 
perature, and does not depend on the nature of the solute or the 
Solvent. 

If in the above equation the molecular volume V iS replaced by 
the concentration C expressed in moles per litre (V = 1/C) the re- 
Sulting expression is more convenient for osmotic pressure calcula- 
tions: 


P=CRT 


The profound analogy between gases and solutions is clearly ex- 
pressed in the following principle known as the Law of Van’t Hoff: 


The osmotic pressure of a solution equals the pressure which 
would be exerted by the solute if it were in a Easeous state at the 
same temperature and occupied a volume equal to that of the solution. 


Jacobus Hendricus Van't Hoff 
(1852-1911) 


This law expresses the essence of the Van't Hotlf theory of solutions. 
It must, however, be stressed that despite the complete analogy 
of numerical relationships, the mechanisms of gaseous and osmotic 
pressure are absolutely different. 


Jacobus Hendricus Van’t Hoff, one of the founders of modern physical chem- 
istry, Was born in Rotterdam (Holland) in 1852. After graduating technical 
school at Delft, he studied chemistry at the Universities of Bonn, Paris and 
Utrecht. In 1874 he received a Doctor's degree in Mathematics and Natural 
Philosophy at the Utrecht University. 

Between 1877 and 1896 Van’t Hoff was a professor of chemistry at, the Am- 
sterdam University where, besides chemistry, he taught also geology and mineral- 
ogy. In 1896 he moved to Berlin and from then on devoted himself entirely 
to” scientific research. 

At the very beginning of his scientific activities Van’t Holt put forth and 
developed the idea of directional valency of the carbon atom and laid the foun- 
dations of stereochemistry, i. e., the science of the spatial arrangement of atoms 
in molecules. But Van't Hoff’s main field of research was physical chemistry. 

He studied the laws of chemical reactions, chemical equilibrium, dilute 
solutions, osmotic pressure. From 1896 to the end of his life Van't Hoff worked 
on salt equilibria in solutions. 

Van’t Hoff was a Corresponding Member of the Petersburg Academy of Sci- 
ences and from 1898, an Honorary Member of the Moscow Society of Researchers 
of Nature. 


The Law of Van’'t Hoff holds only for dilute solutions. In the 
case of concentrated solutions considerable deviations from this 
law are observed. Even greater deviations are observed in aqueous 
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Solutions of electrolytes, substances which conduct current in aqueous 
solution. This will be discussed in detail in the following chapter. 

Thanks to the dependence between the molar concentration of 
a solution and its osmotic pressure, the molecular weights of many 
substances, not obtainable in the gaseous state but dissolving readily 
in some solvent, can be determined by the osmotic pressure. On 
the other hand, knowing the molar concentration of a solution, 
we can calculate its osmotic pressure. In such calculations it is use- 
ful to remember that the osmotic pressure of a solution containing 
one mole of solute per litre may be assumed to be equal to 22.4 atm. 
(though actually at such a concentration the pressure is somewhat 
higher). 


Example. Calculate the osmotic pressure of a solution containing 9 gr. of 
glucose per litre. 

‘The molecular weight of glucose is 180; hence, 9 gr. of glucose is 0.05 mole. 
Since the osmotic pressure is HEHE ona to the quantity of solute, the osmotic 
pressure sought (2) can be found from the proportion: 


22.4:7=1:0.05 
hence 
2 = 22.4.0.05=1.12 atm. 


Direct measurement of the osmotic pressure is rather difficult, 
but is not absolutely necessary. Van’t Hoff showed that the osmotic 
pressure is closely related to certain other more easily measured 
properties of dilute solutions, namely: the lowering of the vapour 
Pressure, the lowering of the freezing point and the elevation of the 
boiling point. Having determined any of these values, we can cal- 
culate the osmotic pressure of the solution. Since all the above 
Values, like the osmotic pressure, vary in proportion to the number 
of particles of solute in solution, they can also be used to determine 
the molecular weight of dissolved substances. 

81. Vapour Pressure of Solutions. In considering the physical 
properties of water (§ 72) it was indicated that the pressure of the 
Saturated vapour of each liquid is a constant value at any given 
temperature. Experiment shows that when any solid is dissolved 
in a liquid, the vapour pressure of the liquid is lowered. Thus the 
vapour pressure of a solution is always lower than the vapour pressure 
of the pure solvent at the same temperature. The difference between 
the numerical vapour pressure values of the pure solvent and the 
Solution is usually called the Vapour pressure lowering of the solu- 
tion. 

In 1887 on the basis of numerous experiments with solutions 


of various solids and non-volatile liquids the French physicist Raoult 
established the following law: 
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The lowering of the vapour pressure in dilute solutions of non- 
electrolytes at constant temperature is proportional to the quantity 
of substance dissolved in a given weight of solvent. 


This law can be explained by the molecular kinetic theory. 

It has been pointed out that the saturated vapour pressure above 
a liquid depends on the number of molecules evaporating from the 
surface of the liquid per unit time. But in a solution part of the 
free surface is taken up by the molecules of the non-volatile solute. 
Therefore the number of molecules leaving the surface of the sotution 
per unit time is smaller than in the case of the pure solvent at the 
same temperature, and the vapour pressure decreases. For instance, 
the vapour pressure of a solution in which the solute molecules con- 
stitute '/20 of the total number of molecules, is !/20 less than that 
of the pure solvent. 

The dependence between the lowering of the vapour pressure 
and the amount of substance dissolved can be expressed mathe- 
matically. Let the vapour pressure of the pure solvent be p, the 
lowering of the vapour pressure Ap, the number of moles of solute n, 
and the number of moles of solvent N. Then Raoult’s Law for dilute 
solutions can be expressed thus: 


Ap= 


Raoult’'s Law, establishing the dependence between the vapour 
pressure of a solution and the amount of solute in it, holds only 
for solutions of solids or non-volatile liquids. It cannot be extended 
to the immense field of homogeneous liquid mixtures, all the com- 
posite parts of which possess perceptible volatility. Meanwhile, 
such mixtures are of great practical importance. An investigation 
of the vapour pressures and boiling points of liquid mixtures was the 
subject of the classical works of the Russian scientist Konovalov. 
The relationships discovered by him and known as the “Laws of 
Konovalov” are included in all textbooks on physical chemistry. 
These laws are used to solve a great variety of problems connected 
with the distillation and separation of liquid mixtures. 

Measurement of the lowering of the vapour pressure of a solution 
can be used directly for determining the molecular weight of dissolved 
Substances. In practice, however, another, more convenient method 
is used, based on measurement of the lowering of the freezing point 
or the elevation of the boiling point of the solution. 

82, Freezing and Boiling of Solutions. All pure substances are 
characterized by strictly definite freezing and boiling points. Thus, 
under normal atmospheric pressure pure water freezes at 0° C and 
boils at 100° C: benzene freezes at 5.5° C and boils at 80.1° C, etc, 
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These temperatures remain unchanged until the entire bulk of the 
liquid has frozen or turned into vapour. ! 

It is different with solutions. The presence of the solute raises 
the boiling point and lowers the freezing point of the solvent, and 
the more concentrated the solution, the greater these effects. There- 
fore, solutions freeze at lower and boil at higher temperatures than 
the pure solvents.* It can easily be shown that this is a direct conse- 
quence of the lowering of the vapour pressure of the solution. 
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Solution 


As we know, any liquid begins to boil at the temperature where 
the pressure of its saturated vapour becomes equal to the surrounding 
pressure. For instance, under a pressure of 760 mm. Hg water boils 
at 100° C because at that temperature the pressure of the water 
vapour becomes exactly equal to 760 mm. Hg. If, however, any 
substance is dissolved in the water, its vapour pressure decreases. 
Hence, to bring the vapour pressure of the resulting solution up 
to 760 mm. Hg, the solution must obviously be heated to above 100° C. 
Therefore, the boiling point of a solution is always higher than that 
of the pure solvent. 

The lower freezing point of a solution compared to the pure solvent 
is due to the fact that the freezing point is the temperature at which 
the solid and liquid phases of the substance can exist simultaneously 
(p. 216). However, for this it is necessary that the vapour pressures 
of the solid and liquid phases be equal, otherwise the vapour will 
pass from one phase to the other until the phase over which the 
Vapour pressure is higher disappears entirely. Ice and water can 


. * Here and in the following, solutions of solids or very slightly volatile 
liquids are meant. 
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exist together indefinitely at 0° C precisely for the reason that at 
0° C the vapour pressure of ice (4.6 mm. Hg) equals that of water. 
This temperature is the freezing point of pure water. 

If we take a solution instead of pure water, its vapour pressure 
at 0° C will be less than 4.6 mm. Hg; for this reason ice immersed 
in such a solution melts rapidly. Co-existence of the ice and the 
solution is possible only at a temperature below 0° C, namely, at 
the temperature where their vapour pressures are equal. In other 
words, the solution freezes at a temperature below the freezing point 
of the pure solvent. 

All these relationships become especially clear if they are expressed 
as graphs showing the relation vapour pressure vs. temperature. 
In Fig. 68, aa: is the vapour pressure curve of pure water and bb, that 
of a solution. Since the vapour pressure of the solution at any tem- 
perature is lower than that of pure water, bb; lies below aa. To deter- 
mine the boiling points of water and the solution by means of these 
curves at any desired pressure, say, at 760 mm. Hg, draw a straight 
line parallel to the abscissa axis from the corresponding point of 
the ordinate axis. From a, and b,, the points of intersection of this 
line with the vapour pressure curves drop a perpendicular to the 
abscissa axis. The temperatures T and 7’; correspond to the boiling 
points of water and the solution, since their vapour pressures are 
equal at these temperatures. Tt will be seen that the boiling point 
of the solution is higher than that of pure water. 

In Fig. 68, ac represents the vapour pressure curve of ice. It was 
stated above that at the freezing point the vapour pressures of the 
solid and liquid phases of the solvent or of the solid solvent and the 
solution must be equal. The points a and b of intersection of aa: 
and bb; with ac correspond to this condition. The freezing points 
of water and the solution are found as the projections of a and b 
on the abscissa axis. In this case, as can be seen in the figure, the 
temperatures T and T'; are arranged in the reverse order, i.e., the 
freezing point of the solution is lower than the freezing point of 
water. 

When dilute solutions freeze, a quantity of pure solvent crystallizes 
out first, e.g., pure ice in the case of an aqueous solution. Since 
the concentration of the solution increases as the ice crystallizes 
out, the freezing point does not remain constant but keeps falling.* 
However, crystallization of the ice and lowering of the freezing 
point continue only until the concentration of the solution reaches 
a certain definite value for each given substance, at which the entire 
solution freezes into a solid mass. Under the microscope it can be 


# For this reason the freezing point of a solution is defined as the tem pera- 
ture at which the solid phase begins to crystallize out. 


16881 


242 Chapter XI. Properties of Solutions 


seen to consist of thin layers of ice and solute in the solid form. 
A mass of this kind is called a eutectic. The temperature at which 
the eutectic forms is called the eutectic temperature and the corres- 
ponding concentration of the solution, the eutectic concentration. 

For instance, if we cool a 10 per cent solution of common salt, 
the first crystals of ice will begin to appear at about —7° C. As the 
ice falls out, the concentration of the remaining solution increases 
and the freezing point drops lower and lower. Finally, when the 
NaC] concentration reaches 24.42 per cent, the entire solution freezes 
into a solid white mass, a eutectic. This takes place at a temperature 
of —21.2° C, which is therefore the eutectic temperature for a solu- 
tion of common salt. 

An analogous picture is observed when saturated solutions, i.e., 
solutions containing a higher concentration of solute than the eutec- 
tic, are cooled. In this case it is the solute and not the ice that begins 
to crystallize out first when the solution is cooled. For example, if 
a saturated NaCl solution, containing 26.4 per cent of the solute 
at 20° C, is cooled, the salt will crystallize out first. As the salt falls 
out, the concentration of the solution decreases, and when it becomes 
equal to 24.42 per cent, a eutectic forms (at —21.2° C). Thus, when 
any saturated solution is cooled, a certain amount of crystals first 
falls out of the solution and then, finally, a eutectic forms. 

Fig. 69 shows the freezing curve of solutions of common salt of 
various concentrations. It can be seen from the figure that as the 
concentration increases, the freezing point drops. The lowest point 
of the curye corresponds to the eutectic temperature —21.2° C and 
the eutectic concentration 24.42 per cent NaCl. Tf the concentration 
iS further increased, the freezing point (i.e., the temperature at 
which the solid phase begins to drop out) again rises but it.is salt 
this time, and not water, that falls out of the solution in the 
solid form. 

The eutectic temperature is the lowest of all the possible freezing 
points of solutions of the given substance. It varies for different 
Substances over a wide range. Thus, the eutectic temperature for 
potassium nitrate is only —2.9° C (with a eutectic concentration 
of 10.9 per cent K NOs); for common salt it is —21.2° C, for calcium 
chloride, —55° C, for sulphuric acid, —75°C, etc. 

The low eutectic temperature of common salt accounts for the 
melting of ice when sprinkled with salt. Ice and salt cannot exist 
together at temperatures above —21.2° C; therefore when mixed 
with salt, ice immediately begins to melt. The ability of ice to absorb 
great quantities of heat when melting is utilized for the prepara- 
tion of cooling mixtures, discovered by Boyle in 1665 and studied 
very thoroughly by T. Lovits. In 1792 Lovits artificially achieved 
a temperature of —50° C for the first time, by mixing snow with cal- 
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cium chloride. Obviously, no temperature lower than the eutectic 
can be obtained in this way. 

Just as the solid phase which crystallizes out of a dilute solution 
upon freezing consists of the pure solvent, so when solutions of 
solids in liquids are boiled, the vapour formed consists of the pure 
solvent. Therefore, as the liquid evaporates, the concentration of the 
solution increases and the boiling point keeps rising until the solution 
becomes saturated and crystallization sets in. As soon as crystalli- 
zation begins the concentration of the solution stops changing and 
the boiling point becomes constant. 

The quantitative aspect of the freezing and boiling of solutions 
was studied by Raoult who experimentally established the following 
principles known as the Laws of Raoult: 


1. The lowering of the freezing point is proportional to the quantity 
of substance dissolved in a given weight of the solvent, 


Thus, a solution containing 5 gr. of sugar in 100 gr. of water freezes 
at —0.27° C, while one containing 10 gr. freezes at —0.54° C, ete. 


2. Equimolecular quantities of various substances dissolved in 
the same weight of a given solvent lower its freezing point an equal 
number of degrees. 


For instance, if 0.1 gram-molecule of sugar (34.2 gr.) are dissolved 
in 1,000 gr. of water, the freezing point is lowered 0.186° C. An equal 
depression is caused by 0.1 gram-molecule of glucose (18 gr.), 0.1 
gram-molecule of hydrogen peroxide (3.4 gr.), etc. 

The freezing point lowering corresponding (by calculation) to 
one gram-molecule of substance dissolved in 1,000 gr. of solvent 
(molecular lowering) is a constant for each given solvent. It is called 
the eryoscopic* constant of the solvent. The cryoscopic constant 
differs" for different solvents. Its values for a number of solvents 
are given below. 

Cryoscopic Constants 


Water eae re 1.86°C Benzene . . 5.0° C 
Acetic acid ..-*  3.9°C Naphthalene . ..  6.9°C 


Quite analogous laws were established by Raoult with respect 
to the boiling point elevation. The molecular elevation of a boiling 
point, i.e., the elevation caused by 1 gram-molecule of substance 
dissolved in 1,000 gr. of a solvent, is called the ebullioscopic** con- 
stant of the solvent. 


* From the Greek kryos, cold, and skopeo, I see. 
**% From the Latin ebullire, to boil out. 


16* 
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Ebullioscopic Constants 


Waters bbe Fd ANG 0.52° Benzene ..... 2.57° 
Ether 4 MUR Hata 2.12° Chloroform . . .  3.88° 


Raoult’'s Laws can be expressed mathematically by the following 
equation: 
A=KxC (1) 


where At is the lowering of the freezing point or the elevation of 
the boiling point of the solvent; C is the number of moles of solute per 
1,000 grams of solvent; K is a proportionality coefficient equal 
respectively to the cryoscopic or ebullioscopic constant of the solvent 
(when C =1, At = KA). 

As the number of moles of substance equals its weight in grams 


(m) divided by its molecular weight (M), can be substituted for 
C in the above equation, hence 


MAt=K (2) 


Raoult’s Laws are applicable with the same limitations as the 
Law of Van’t Hoff, concentrated solutions and solutions of elec- 
trolytes deviating considerably from these laws. 

A theoretical grounding of Raoult's Laws was given by Van’t 
Hoff, who pointed out their connection with the law of osmotic 
pressure and derived an equation for calculating the osmotic pressure 
from the freezing point lowering and the boiling point elevation 
of a solution. 

Raoult’s Laws form the basis of some very convenient methods 
of determining the molecular weights of dissolved substances. For 
Such estimations a weighed portion of the substance in question 
is dissolved in a definite quantity of solvent and the lowering of 
the freezing point or elevation of the boiling point it causes is found. 
From these data the molecular weight of the dissolved substance 
can easily be calculated if the cryoscopic or ebullioscopic constant 
of the solvent is known. On the other hand, knowing the molecular 
weight of the solute, the cryoscopic or ebullioscopic constant can be 
found in the same way. 

The method of determining molecular weights by the freezing 
point lowering of a solvent is called cryoscopic, and by the boiling 
point elevation, ebullioscopic. 

Both methods are widely practised in chemistry, as by using 
different solvents the molecular weights of all kinds of substances 
can be determined. The molecular weights of a number of metals 
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have been found by the lowering of the solidification points of solu- 
tions of metals in one another. 

Given below is an example of determination of the molecular 
weight by the freezing point lowering. 


Example. When 2.76 grams of glycerine were dissolved in 200 grams of 
water, the freezing point was lowered 0.279° C. The cryoscopic constant of 
water equals 1.86° C. Find the molecular weight of glycerine. 

First we find the number of grams of glycerine corresponding to 1,000 grams 
of water in our solution: 

2.76-1,000 _ 
TRE 13.8 gr. 

Substituting the data given in the problem into equation (2), we find the 

molecular weight of glycerine: 


570 — 1.86.13.8 
0.99=— 
ML 8013.899 


0.279 


CHAPTER XII 


Theory of Electrolytic Dissociation 


83. Deviation of Solutions of Acids, Bases and Salts from Laws 
Derived for Dilute Solutions. In the previous chapter we considered 
Van’t Hotft’s theory of solutions which explains the most important 
properties of dilute solutions on the basis of the analogy existing 
between solutions and gases. All the conclusions of this theory were 
brilliantly confirmed by the results of experimental studies carried 
out with solutions of very many Substances. For solutions of one 
kind, however, these relationships did not hold. These were solutions 
of ordinary salts, as well as those of most acids and soluble bases. 
The osmotic pressure of these solutions, calculated from the lowering 
of their vapour pressures or freezing points and the elevation of 
their boiling points, proved invariably to be considerably greater 
than required by theory. On the contrary, molecular weights deter- 
mined by measuring these values were always found to be smaller 
than the true values. 

For example, if one gram of common salt is dissolved in 100 grams 
of water, the freezing point lowering is 0.617° C. As the cryoscopic 
constant of water equals 1.86°, we get the following value for the 
molecular weight of common salt: 


1.86-10 __« 
M= D657 = 30.1 
Actually, the molecular weight of common salt is 58.5, i.e., almost 
twice as high. 
Calculating the freezing point lowering to be expected according to 
the true molecular weight in this case, we find: 


1.86.10 


A=" 


= 0.318° 

Thus, the lowering observed is almost twice the theoretical. And 
Since the freezing point lowering is proportional to the osmotic pres- 
sure, the latter will consequently also be higher than the “normal” 
according to Van’t Holff’s theory. 

A similar deviation from theory was observed also for solutions 
of other salts, as well as for solutions of most acids and bases. 
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As was stated in § 80, the osmotic pressure is expressed by the 
equation: 


P= CRT: 


To extend this equation to solutions with “abnormal” osmotic 
pressure Van't Hoff introduced into it a correction factor i (called 
the isotonic coefficient) showing the number of times the osmotic 
pressure of the solution exceeds the normal: 


PENORL 


The coefficient i was determined for each solution experimentally 
either by the vapour pressure lowering or by the freezing point low- 
ering and boiling point elevation. Since all these values are propor- 
tional to the osmotic pressure, the number of times the osmotic pres- 
sure of the solution is higher than the normal could be found by estab- 
lishing the number of times either of the above values was greater 
than those calculated theoretically. 

Tet P’ be the osmotic pressure of the solution, At's.p. the elevation 
of the boiling point and At',.p. the lowering of the freezing point 
of a solution, which does not obey the laws of Van’t Hoff and Raoult, 
and P, At, p. and Aty.p. the magnitudes of the same values calculated 
theoretically according to the molar concentration of the solution. 
‘Then the coefficient i is expressed by the following ratios: 


The values of the coefficient i found by Van’t Hoff fora number 
of salts in 0.2 N. solution according to the freezing point lowering 
are given in Table 12. 


Table 12 
Value of Coefficient 4 for 0.2 N Solutions of Some Salts 
rg Freezing point lowering 
calculated 
Salt Formula LAO: observed | i dU. 
formulas, AL Ap. 
At. p. 
Potassium chloride . . . | KCl 0.372 0.673 1.81 
Potassium nitrate . . . | KNO, 0.372 0.664 1.78 
Magnesium chloride . . MgCl, 0.186 0.519 2.79 
Calcium nitrate . . . | Ca(NO:): 0.186 0.461 2.48 
) { t 
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The data in Table 12 show that the coefficient i differs for various 
salts. Besides, it was found to grow as the dilution of the solution 
was increased, gradually approaching the whole numbers 2, 3, 4. 
For salts of analogous composition these numbers are identical. For 
instance, in the case of all salts of univalent metals and unibasic 
acids the coefficient i becomes equal to 2 if their solutions are dilute 
enough; with salts of bivalent metals and the same acids it becomes 
equal to 3, ete. 

Thus, when acids, bases and salts are dissolved in water they cause 
a much higher osmotic pressure than equimolecular quantities of 
any other substances. 

How can this phenomenon be accounted for without contradicting 
Van’t Hotft's theory? 

It should be indicated, first of all, that an analogous phenomenon 
is observed in certain gases or substances in the gaseous state. 

For instance, if the vapours of ammonium chloride NH i,Cl,' phos 
phorus pentachloride PCl;, iodine and other substances are heated 
in a closed vessel, they are found to have a higher pressure than that 
which follows from the Law of Gay-Lussac. On the other hand, their 
molecular weights, calculated from determinations of their vapour 
densities, turn out to be lower than the theoretical. 

In the case of gaseous substances this phenomenon can easily be 
attributed to dissociation. If, say, ammonium chloride NH Cl breaks 
up into NHs and HCl molecules, the pressure depending on the 
number of particles should obviously increase twofold with constant 
volume. 

On the other hand, under constant pressure the volume of the gas 
should increase twofold, and hence the density should be twice 
as low. Tf the dissociation is incomplete, only part of the molecules 
having decomposed, the pressure will have some intermediate value. 

It is natural to assume that in solutions with abnormally high 
osmoticipressures the solute molecules also break up into particles 
of smaller size. Since the osmotic pressure does not depend on the 
weight of the solute, but only on the number of particles per unit 
LD? of solution, it should also increase if their number becomes 
arger. 

This assumption was first put forth in 1887 by the Swedish scientist 
Arrhenius and formed the basis of his theory explaining the behaviour 
of acids, bases and salts in aqueous solution. 

Arrhenius arrived at this theory by studying the electrical con- 
ductivity of solutions. 


Svante Arrhenius, a Swedish scientist, physical "chemist, was born in 1859. 
He was a professor at the University of Stockholm and Director of the Nobel 
Institute. As a result of an investigation of the electrical conductivity of so- 
lutions, in 1887 he suggested a theory to explain the conduction of electric cur- 


Svante Arrhenius 
(1859-1927) 


rent by solutions of acids, alkalis and salts, known as the Theory of Electrolytie 
Dissociation. 

Arrhenius also carried out a number of studies in astronomy, cosmic physics 
and in the field of the,application of physico-chemical laws to biological 


processes. 


84. Electrical Conductivity of Solutions. As was indicated above 
(see § 46), electric current is readily conducted by molten salts and 
bases, as well as metals. Aqueous solutions of bases and salts are also 
good conductors of current. Anhydrous acids are very poor con- 
ductors, but aqueous solutions of acids conduct current well. Solu- 
tions of acids, bases and salts in most other liquids do not conduct 
current, but in such solutions the osmotic pressure is also normal. 
Aqueous solutions of sugar, alcohol, glycerine and other solutions 
with normal osmotic pressure do not conduct current either. 

The different attitude of substances to electric current can easily 
be demonstrated by the following experiment. 

Two graphite or metal electrodes are connected by means of wires 
to the lighting mains (Fig. 70). An electric lamp is cut into one of 
the wires as a rough indicator of the presence of current in the cir- 
cuit. The free ends of the electrodes are dipped into dry common salt 
or anhydrous sulphuric acid. The light does not go on, because these 
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substances do not conduct current and the circuit remains open. The 
same will be observed if the electrodes are dipped into a beaker con- 
taining pure distilled water. But if only a small amount of salt is 
dissolved in the water or any acid or base added to it, the lamp 
immediately begins to burn brightly. The light will not burn if the 
electrodes are lowered into a solution of sugar, glycerine, etc. 

Thus, among solutions, current is conducted predominantly by 
aqueous solutions of acids, bases and salts. The dry salts, anhydrous 
acids and bases (in the solid form) do not conduct current; pure water 
hardly conducts current either. Obviously, profound changes of some 
kind take place in the acids, bases and salts when dissolved in water, 
Aas a reeult of which the resultant solutions begin to conduct 
current, 

When electric current passes through solutions it causes chemical 
changes in them, just as when it passes through fusions; these changes 
consist in the evolution of decomposition products of the solute or 
solvent from the solution. Substances which conduct electric current 
a solution are called electrolytes. Acids, bases and salts are electro- 

y Les. 

The chemical process which takes place when a current is passed 
through an electrolyte solution is called electrolysis. An investigation 
of the products liberated at the electrodes when acids, bases and 
salts are electrolyzed, showed that metals or hydrogen are always 
liberated at the cathode and acid or hydroxyl radicals at the anode, 
the radicals then undergoing further change. Thus, the primary prod 
ucts of electrolysis are the same composite parts of acids, bases and 
salts which pass without changing from substance to substance 
during exchange reactions. 

85. Theory of Electrolytic Dissociation or Ionization. In 1877 
one of the scientific periodicals carried an article by Arrhenius 
entitled “Dissociation of Substances Dissolved in Water,” In this 
article Arrhenius presented the results of his investigations on the 
clectrical conductivity of solutions and pointed out the close relation 
between the ability of solutions to conduct electricity and their 
failure to obey the laws of Raoult and Van't Hoff. 

Arrhenius showed that the osmotic pressure and hence the coeffi- 
cient { of any solution could be found by measuring its electrical con- 
ductivity. The values of t derived by him from conductivities coin- 
cided very closely with those found by Van't Hoff for the same solu- 
tions by other methods. 

According to Arrhenius, the excessively high osmotic pressure of 
¢lectrolytes was due to dissociation of their molecules into electri- 
cally charged particles which he called ions.* This increases the total 


* This term was first used by Faraday in a slightly different sense. 
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number of particles in solution, and therefore also the osmotic prose 
sure on the one hand, and makes the solution capable of conducting 
current due to the formation of ions, on the other, 

The assumptions put forth by Arrhenius in the above-mentioned 
article were subsequently developed into an integral theory known 
as the Theory of Electrolytic Dissociation or the lonization Theory. 

The main theses of this theory are as follows: 

1. When electrolytes are dissolved in water their molecules break 
up to a greater or lesser degrce into ions, i,.o., electrically charged 
particles, Each substance forms two kinds of ions, carrying positive 
and negative charges respectively. The positively charged ions of 
acids, bases and salts are those of hydrogen and motals, while the 


Fig. 70. Set-up for comparing conductivity 
of solutions 


uogatively charged ions are acid and hydroxyl radicals, For instance, 
crystals of common salt NaCl break up into positively charged sodium 
ions Na* and negatively charged chloride ions OI"; molecules of 
nitric acid HNOs, into positively charged hydrogen ions H* and 
negatively charged NO; ions, etc, Thus, ions may be "simple" 
or “elementary,” i.e., formed by a single atom (Na, CI") and “com- 
plex,” made up of several atoms, such as NO, . 

The total number of positive charges acquired by ono kind of 
ions equals the total number of negative charges on the lons of 
the other kind, so that the solutionas a whole romaine electrically 
neutral. 

2, The difference between ions on the one hand and neutral atoms 
and molecules on the other, is that the former possess electrical 
charges, but this makes thoir properties absolutely different, For 
instance, hydrogen-ion* bears no resemblance at all to ordinary 


rogen-i Ith a b: denotes hydroe fons collectively. 
ৰ EE pest meet {fn free foetal to hydrogen lon, which 


denotes a single ion, The same refers to all other ions. —Tr. 
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gaseous hydrogen: the latter is almost insoluble in water, whereas 
hydrogen-ion can be contained in solution in very large quantities; 
sodium-ion does not act on water whilst metallic sodium reacts 
vigorously with water to form sodium hydroxide; chloride-ion has 
neither the odour, the colour, nor any of the other properties of 
gaseous chlorine; SO; ™-ion can exist only in solution, and only 
while it is negatively charged; no neutral molecules of such a com- 
position are known; the same can be said of hydroxyl-ion and many 
others. 

When an electric current is passed through the solution, the ions 
begin to travel in two opposite directions: the positively charged 
ions move towards the negatively charged electrode, the cathode, 
while the negative ions move in the opposite direction, towards 
the positive electrode, the anode. Tons which are attracted to the 
cathode are called cations, and those attracted to the anode, anions. 
When the ions reach the electrodes they are discharged and simul 
taneously lose the characteristic properties due to the charges they 
bear, turning into neutral atoms or groups of atoms. The latter 
are either evolved from the solution, or undergo further change to 
form new substances. 

A very important point in the Arrhenius theory is the statement 
that decomposition into ions is not effected by the electric current, 
as previously thought, but occurs as soon as the electrolyte is dis- 
solved in water. Any solution contains free ions, independent of 
whether it is undergoing electrolysis or not. The only effect of the 
current on the solution is that it makes the ions travel towards the 
electrodes, where they are discharged. 

The break-up of electrolytes into ions under the action of the sol 
vent is known as electrolytic dissociation or ionization, and is ex- 
pressed by conventional chemical equations, in which the formulas of 
the substances that are breaking up are written on the left side, and 
the ions formed from them on the right side. We shall denote the 
charges on free ions in solution by the signs - and’, leaving the des- 
ignations * and 7 for ions combined in crystals of salts and other 
ionic compounds. Thus, the dissociation of HCl into ions is expressed 
by the equation 

HCI= H-+ CY 


The presence of positively and negatively charged ions in the 
solutions of electrolytes can be proved by the following experi- 
ment. 

A sealed tube containing a solution of potassium iodide KI is 
clamped to a revolving disc (Fig. 71). The tube has platinum wires 
fused into it with platinum electrodes fastened to them. The ends of the 
Wires are connected by means of a special device to a sensitive volt- 
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meter. If the disc is rotated at a high speed, the indicator of the volt- 
meter will be deflected perceptibly showing that unlike charges 
have appeared at the electrodes a and b. It will be found that the end 
of the tube nearer the edge of the disc is charged negatively while 
that nearer the centre is charged positively. 

Obviously, the negatively charged iodide ions, being the heavier, 
are thrown outwards with a greater force, and therefore, to a greater 
distance from the axis of rotation than the lighter potassium ions, 


Fig. 71. Revolving disc with tube 
containing electrolyte solution 


which bear positive charges. Therefore, there will be more iodide 
than potassium ions at the end of the tube at the edge of the disc, 
and that electrode will be charged negatively. On the other hand, 
the end of the tube at the centre of the disc will contain a greater 
number of potassium ions, and therefore a positive charge will 
appear. 

If the same experiment is performed with a solution of silver 
nitrate, AgNOs;, the edge end of the tube, where the heavier silver 
ions accumulate, will be charged positively, and the centre end, 
negatively. 

These experiments are a good proof of the actual existence of 
oppositely charged ions in solutions of electrolytes. 

The presence of ions in electrolyte solutions affords a simple ex- 
planation of the abnormal osmotic phenomena mentioned at the 
beginning of this chapter. By way of example we considered the os- 
motic pressure of a dilute solution of common salt, which was found 
to be almost twice as high as that calculated according to the Law 
of Van’t Hoff. Now we shall have no difficulty in understanding 
why this is so. The “molecule” of common salt (in Arrhenius’s time 
it was not yet known that there are no separate molecules in crystals 
of common salt) breaks up in solution into two ions, Na’ and CI’. 
If all the “molecules” which passed into solution dissociated into 
ions, the number of ions formed would be twice the original number 
of molecules. A gram-molecule of common salt would yield not 
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6.02 X 1023 particles but twice as many. And since the osmotic pres- 
Sure does not depend on the nature of the particles in solution, but 
only on their number, it should also increase twofold. 

In exactly the same way the osmotic pressure of a very dilute solu- 
tion of barium chloride, which dissociates according to the equation 


BaCl, = Ba" 4-2CY 


is three times as high as that calculated according to the Law of 
Van’t Hoff, since the number of particles in solution is three times 
as high as if the barium chloride were in the form of BaCls molecules. 

Thus, the peculiar behaviour of aqueous solutions of electrolytes.. 
which at first sight contradicts the Law of Van’t Hotff, was explained 
on the basis of this very law. 

However, the theory of Arrhenius made no allowance for all the- 
complexity of the phenomena taking place in solutions. Mechanistic 
by nature, it regarded ions as absolutely free particles, independent 
of the molecules of the solvent. Arrhenius’s theory was opposed 
by Mendeleyev’s hydrate theory, based on the idea of interaction 
between the solute and the solvent (combination of the solute particles 
with those of the solvent). The credit for overcoming the apparent 
contradiction between the two theories belongs to Kablukov, who 
was the first to put forth the very important assumption that ions 
hydrate, i. e., form unstable compounds with water molecules. This 
assumption, which is now an undeniable fact, led subsequently to 
a combination of the theories of Arrhenius and Mendeleyev. The 
entire subsequent progress of the chemistry of solutions has shown 
that the Theory of Electrolytic Dissociation not only does not contra- 
dict the hydrate theory, but cannot develop further without basing 
itself on the conceptions introduced by Mendeleyev. 


Lvyan Alexeyevich Kablukov was born in 1857, in the village of Prussy, Mos 
cow Gubernia. After graduating the Moscow University in 1880 he worked first 
in the field of organic chemistry. In 1889 Kablukov went to Leipzig, where he 
worked in the laboratory of Ostwald for some time, together with Arrhenius, 
on the electro-conductivity of solutions. After his return to Russia Kablukov 
continued his investigations in the field of the conductivity of solutions. The 
result of these investigations .was his Doctor’s thesis entitled “The Present 
Day Theory of Solutions (of Van't Hoff and Arrhenius) in Relation to the 
Science of Chemical Equilibrium,” which greatly influenced the development of 
physical chemistry in Russia and promoted the further development of the 
Theory of Electrolytic Dissociation. 

Especially important among Kablukov’s numerous works were his investi- 
gations in the field of salt equilibria. 

Kablukov devoted his whole life to extensive pedagogical and educational 
Work. He delivered lectures at the Moscow University and at the Institute of 
Agriculture, wrote the textbooks “Fundamentals of Inorganic Chemistry” and 
“Fundamentals of Physical Chemistry” by which more than one generation of 
chemists studied, and was a member of many scientific societies. 


El 


Ivan Alexeyevich Kablukov 
(1857-1942) 


86. The Act of Dissociation. At the time the Theory of Electrolytic 
Dissociation originated, atoms were still considered the simplest 
indivisible particles of matter. The conception of the complex 
Structure of atoms came much later. For that reason it was difficult 
then to comprehend the origin of the electrical charges on the par- 
ticles formed when electrically neutral molecules dissociate, and 
why only the molecules of acids, bases and salts are subject to such 
dissociation. But with the development of the science of atomic 
and molecular structure, all these phenomena became clear. 

We know now that many electrolytes consist of ions even in the 
solid form. When considering the constitution of crystals in Chap- 
ter VI, it was indicated that salt crystals were built up not of mole- 
cules, but of separate positively and negatively charged ions arranged 
in a definite order in the crystal lattice and held in position by forces 
of electrostatic attraction. Many solid bases, apparently, have a 
similar structure. Naturally, when such electrolytes are dissolved 
in water, the ions would be expected to pass into solution as inde- 
pendent units and not in the form of neutral molecules, which do 
not exist in the solid electrolyte. 

‘The break-up of crystals into separate ions evidently takes place 
in the following manner. Water molecules possess a certain polarity, 
i.e.,are what we call dipoles. When a crystal of any salt, say potassium 
chloride, comes into contact with water, the ions at its surface 
begin to attract the polar water molecules (Fig. 72). The water 
molecules are attracted to the potassium ions by their negative: 
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poles and to the chloride ions by their positive poles. But if the ions 
attract the water molecules, the latter attract the ions with the same 
force. 

At the same time, the attracted water molecules are subject to 
impacts from other molecules in motion. These impacts are strong 
enough to separate the ions from the crystals and make them pass 
into solution. The first layer of ions is followed by a second, and 
thus the crystal gradually dissolves. 

After passing into solution the ions may remain linked to the 
water molecules, in which case they form what are known as ionic 
hydrates. The existence of such hydrated ions has been confirmed 
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Fig. 72. Mechanism of dissolving salt 


in many cases. For instance, hydrogen ions in solution are always 
combined with one molecule of water each forming a hydronium or 
ozonium ion Hs30:. The ions of many metals are also hydrated in 
solution. Cations are usually smaller in size than anions; therefore 
cations attract water molecules more strongly. The smaller the 
radius of the cation, the smaller the number of water molecules 
contained in the hydrated ion. The small beryllium cation Be" 
forms a tetrahydrate [Be(Hs0),]"; the larger cations Mg and 
Al form hexahydrates [Mg(Hs20)s]" and [AI(Hs0)s]"; while 
such large cations as K° and others are still more hydrated. 

Thus, dissociation results, strictly speaking, not in the formation 
of ions, but of compounds between ions and solvent molecules (ionic 
hydrates). For the sake of simplicity, however, in ionization equations 
the formulas of the ions are usually used instead of those of their 
hydrates (or solvates), the more so, since the degree of hydration 
of the ions, i. e., the number of water molecules combined with 
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them, is very often unknown and may vary depending on the con- 
centration of the solution and other conditions. 

In solution the ions or their hydrates are in a state of incessant 
disorderly motion. Upon colliding they may combine into hydrated 
molecules which may again decompose into ions. The higher the 
concentration of the solution, the more often the ions collide, there- 
fore solutions, especially concentrated ones, may contain unionized 
molecules together with the ions. 

Not only substances with ionic crystal lattices decompose into 
ions in aqueous solutions, but also many other substances, consisting 
of molecules, provided the latter are polar. A scheme of the dissocia- 


Fig. 73. Dissociation of polar molecules in vl 


tion of polar molecules is shown in Fig. 73. The molecules of water 
attracted to the ends of the polar molecule stretch the latter, moving 
its poles apart, as a result of which it breaks up into separate ions. 
If the positive ion is a proton (i. e., a hydrogen nucleus) it will 
be stably linked to a water molecule as an oxonium ion Hs30'. For 
instance, when hydrogen chloride is dissolved in water, the chemical 
reaction that takes place can be expressed by the equation 
H.0 + HCI= H,0* + CI 

In this reaction the polar covalent bond between the atoms of 
hydrogen and chlorine is so split, that the electron pair remains 
entirely in the possession of the chlorine atom which becomes a 
CY’ ion, while the proton embeds itself in the electron shell of the 
oxygen atom of a water molecule to form an oxonium ion H,0:°. 

A similar chemical reaction takes place when other acids are dis- 
solved in water; for instance, in the case of nitric acid: 


H,0 + HNO,= H,0* 4- NO; 


87. Ionizing Influence of Various Solvents. Up till now we have 
considered dissociation only in aqueous solutions. There are, however, 
other solvents besides water, such as formic acid, ethyl alcohol, 
acetone, in which electrolytes are also dissociated, though in much 
smaller degree. Such solvents are known as ionizing solvents. Their 
molecules, like the molecules of water, are distinctly polar. On the 
contrary, in non-polar or slightly polar solvents, such as benzene, 
ether, carbon disulphide, ionization does not occur. 
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The ionizing capacity of various solvents can be judged best of 
all by their dielectric constants. 

The dielectric constant is a value showing by how many times the 
force of interaction between two charges in a4 given medium is smaller 
than in a void. The dielectric constant of a solvent is closely related 
to the polarity of its molecules. The high value of the dielectric con- 
stants of some liquids is due to the high dipole moments of their 
molecules. 

The dielectric constants of some solvents at 18° C are given below. 


Dielectric Constants of Some Solvents 


FT MEERA PR SAE KD 81 Chloroform a... 5.1 
Formic acid eee 58 Ether Ce, ces EA 
Ethyl alcohol ..-.,. 27 Carbon disulphide . . 2.6 
ACEUONO se cnarstie oes 2d Benzene ee 2.3 


The highest dielectric constant among ordinary solvents is that 
of water, which is at the same time the best ionizing solvent. The 
dielectric constant of water equals 81. This means that in aqueous 
solutions the force of interaction between charged ions is 81 times 
smaller than that acting in the corresponding crystals. The dielectric 
constants of such solvents as ether, benzene and carbon disulphide, 
in which ionization does not occur, are very small. The dielectric 
constants of alcohol, acetone and other slightly ionizing solvents 
are intermediate values. 

Investigation of the ionizing action of non-aqueous solvents was 
initiated by Kablukov, who in 1889 first measured the conductivity 
of hydrogen chloride dissolved in diethyl ether and in amyl alcohol. 
After this, many chemists began to study non-aqueous solutions. 
As a result of their works, the theory of electrolytic dissociation 
was extended to a new field, and the ionizing influence of the medium 
on the molecules of the solute became clear. 

88. Mechanism of Passage of Current Through Solutions. According 
to present-day views, electric current in metallic conductors is a 
stream of electrons moving from the negative pole of the current 
source to its positive pole. 

A current source, say a galvanic cell, is an apparatus in which 
more electrons accumulate on the negative pole than on the positive 
pole, which gives rise to a sort of electron pressure on the former. 
Tf the poles of the cell are connected by means of a metal wire, the 
electrons begin to move along the wire under the influence of the 
pressure, from the negative pole to the positive, just like a gas passing 
from higher pressure to lower. The electrons leaving the negative 
pole are immediately replenished at the expense of the current source, 
as a result of which the electrons circulate continuously through 
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the conductor connecting the poles. The current source acts like 
a pump, drawing the electrons in through the positive pole and 
discharging them back into the conductor through the negative pole. 

If the wire is cut, one end of it will become negatively charged, 
as an excess of electrons accumulates on it, whilst the other will 
become charged positively, due to a deficiency of electrons, and the 
motion of the electrons along the conductor will cease. 

Now suppose two electrodes connected to the poles of a current 
source and hence charged, one positively and the other negatively, 
are dipped into a solution of an electrolyte, say hydrochloric acid. 
Water itself is not a conductor and electrons cannot move through 
it as they do through a wire, but the ions in solution are attracted 


CuSO4 
© Cation O©Anion Electron a 
Fig. 74. Mechanism of passage of Fig. 75. U-tubes with copper 
current through solution sulphate solution: 


a—before switching on current; 
b—vwith current switched on 


to the electrodes and immediately begin to move in two opposite 
directions, the positive ions towards the cathode and the negative 
towards the anode (Fig. 74). When they reach the cathode, the 
positive ions gain from it the electrons they lack and become neutral 
atoms. At the same time, the negative ions give their “surplus” 
electrons away to the anode and also become neutral ions or radicals. 
Due to continuous passage of electrons from the cathode to the ions 
and from the ions to the anode, the travel of the electrons through 
the wires connecting the poles of the current source with the electrodes 
is sustained. But within the solution the motion is not that of elec- 
trons, but of positively and negatively charged ions. The latter 
apparently carry the electrons through the solution from the cathode 
to the anode, although actually the electrons yielded by the anions 
to anode are not those which passed into the solution from the 
cathode, but those belonging to the anions themselves. 

It is clear from the above that solutions which do not contain 
ions cannot conduct current. 


475 
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The movement of ions caused by the passage of current through 
a solution can be demonstrated by an experiment. For this purpose 
it is especially convenient to use salts with coloured ions. Take, 
for instance, a blue solution of copper sulphate. The colour of this 
solution cannot be attributed to the presence of SO, -ion in it, 
as many solutions containing this ion are colourless (for instance, 
solutions of H,SO,, Na,SO;,, ZnSO;, etc.). Dilute solutions of cupric 
salts, on the other hand, are blue in colour; hence, we must conclude 
that the blue colour is due to the presence of cupric-ion (or rather 
its hydrate). 

‘Po observe the movement of these ions, a solution of blue vitriol 
in warm water containing a little agar-agar (an organic substance 
obtained from seaweeds) is placed in a U-tube (Fig. 75). The solution 
cools into a jelly which will not hinder the motion of the ions per- 
ceptibly. The space above the jelly in both arms of the U-tube is 
filled with a colourless solution of some salt, say KNOs;, to which 
agar-agar is also added. Tf current is passed through, the blue cupric 
ions travel towards the negative electrode and gradually turn the 
colourless layer of agar-agar in the left arm of the tube blue from 
bottom to top. At the same time the boundary between the blue and 
colourless solutions in the right arm of the tube shifts downwards. 

Ions migrate at various velocities, depending on the temperature 
and the voltage, as well as on the nature of the ions. The higher 
the temperature and the greater the voltage, the faster the ions 
move. Hydrogen ions are the fastest, but even they move very slowly, 
only about 0.2 em. per minute at a temperature of 18°C and a voltage 
drop of one volt per cm. The velocities of some other ions under 
the same conditions are: OH’ —0.11 cm. per min., Na’ —0.027 cm. 
per min., CY —0.0415 cm. per min., NO;—0.089 cm. per min. 

89. Degree of Ionization. As stated in § 85, the anomalously high 
osmotic pressure in solutions of electrolytes is due to dissociation 
of their molecules into ions. If all the dissolved molecules broke 
down into ions, it might be expected that the osmotic pressure in 
solutions of electrolytes would always be a whole number of times 
greater than the normal pressure observed in equimolecular solutions 
of non-electrolytes. Meanwhile, in determining the coefficient i for 
solutions of various salts, Van't Hoff found that this coefficient is 
represented by fractions which, however, approach the whole num- 
bers 2, 3, 4... as the solution is diluted. To explain these facts, 
Arrhenius suggested that in ordinary solutions only part of the 
molecules may be ionized; moreover, the higher the concentration 
of the solution, the smaller the proportion of ionized molecules. 

‘The reason for incomplete dissociation, in Arrhenius’s opinion, 
was that the decomposition of molecules into ions in solution was 
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accompanied by the reverse process, that of recombination into mole- 
cules. While the rate of dissociation decreases as the molecules break 
up, the rate of the reverse process increases. This results in a state 
of equilibrium where the relative quantities of unionized molecules 
and ions remain constant, i. e., dissociation is not complete. 

Thus electrolytic dissociation, like any other dissociation, is a 
reversible process, expressed in dissociation equations by two arrows 
instead of the equal sign, for example: 

Nadl z Na: 4+ CI 
KOH 5 K- 4+ OH’ 

The ionization of acids, for instance of HCl, should be written 
as follows: 

HCl H,0 = H,0" + CY 

Whilst the direct reaction consists in the splitting away of a 
proton from a hydrogen chloride molecule and its combination with a 
molecule of water, the reverse reaction consists in the splitting 
away of the proton from an oxonium ion Hz0* and its combination 
with a Cl ion to form a HCl molecule. The chloride ion plays the 
same part with respect to the oxonium ion as the water molecule 
with respect to the hydrogen chloride molecule. 

In simplified form the equation of ionization of hydrogen chloride 
is written as follows: L 

HCl St H+ CI 
However, when using such a mode of recording (which we shall 
employ often in the future), it must be remembered that the dissocia- 
tion of acids is not a simple decomposition of their molecules into 
ions, but a more complex chemical reaction involving water mole- 
cules. 

The ratio of the number of ionized molecules to the total number of 
molecules dissolved is called the degree of ionization of an electrolyte. 
For example, if 78 out of every 100 HCI molecules dissolved in water 
dissociated into ions, the degree of ionization would be 0.78 or 78 per 
cent. Hence, the degree of ionization shows the proportion of dissolved 
molecules that has broken down into ions. 

The degree of ionization depends both on the nature of the dissolved 
electrolyte and on the concentration of the solution: when the solu- 
lion of any electrolyte is diluted, its degree of ionization increases. 
This means that the equilibrium existing in solution between the 
unionized molecules and the ions shifts towards the formation of 
ions. It is not difficult to prove that such a shift of equilibrium is in 
full agreement with Le Chiitelier's Principle. Indeed, in diluting 
the solution with water, we decrease the concentration of particles, 
both molecules and ions, in it and therefore lower its osmotic pres- 
sure. But lowering the pressure should shift the equilibrium in the 
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direction of the reaction which will increase the pressure again, 
i. e., towards the formation of a larger number of ions. 

As the degree of ionization depends on the concentration of the 
solution, we must always indicate the concentration when referring 
to the degree of ionization for any electrolyte. 

The numerical values of the degree of ionization of electrolytes 
can be determined by various methods. We shall examine a method 
based on determination of the isotonic coefficient of the solution. 

The isotonic coefficient i, as indicated above (see p. 247), shows 
how many times the osmotic pressure, the boiling point elevation 
and the freezing point lowering, actually observed in the solution 
of an electrolyte, are greater than the same values calculated theo- 
retically under the assumption that the solute has not dissociated: 


Since all these values are proportional to the number of solute 
particles in solution, the isotonic coefficient should obviously be 
equal to the ratio between the total number of molecules and ions 
in the solution to the initial number of molecules dissolved. 

On this basis, the relation between the isotonic coefficient and the 
degree of ionization can easily be expressed in mathematical form. 

Suppose N molecules of electrolyte were dissolved in water, and 
that each of them can break down into n ions. 

If the degree of ionization is a, the number of molecules broken 
down into ions will equal No, the number of ions formed will be Nan, 
and the number of molecules left unionized will be N ({—a). Hence. 
the total number of particles (molecules plus ions) in solution will be: 


N(1—o)+ Non or N[((n—1)a+1] 


but since the number of molecules dissolved is N, we get the following 
expression for the isotonic coefficient: 


N[n—1 
=O Er — 1) 


hence the degree of ionization 


i 


i—1 


ia n—1 


Thus, to determine the degree of ionization of an electrolyte we 
need only find the value of the coefficient i for the given solution, 
Which can be done most easily by measuring the lowering of the freez- 
ing point (cryoscopic method). On the other hand, knowing the con- 
centration of the solution and the degree of ionization of a dissolved 
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electrolyte, the isotonic coefficient, and consequently, the osmotic 
pressure, as well as the freezing and boiling points of the solution, 
can easily be calculated (by the same formula). 


Example 1. A solution containing 8 gr. NaOH in 1,000 gr. of water freezes 
at —0.677° C. Find the degree of ionization of NaOH in this solution. 
We find the theoretical lowering of the freezing point by the formula At = 


= iE যা ™ Since the molecular weight of NaOH equals 40, m = 8 and K = 1.86, 
NCA BOB EAA TS 
At= 20 = 0.372 
‘The freezing point lowering actually observed is At'= 0.677°, hence 
. 0.677 
i=) T2= 1.82 


Substituting the value of i in the formula for determining « and taking into 
account that NaOH dissociates into two ions, we get: 


1.82—1 
2—1 


Example 2. In decinormal solution potassium sulphate is ionized to a degree 
of 71 per cent. What is the osmotic pressure of the solution at 0° C? 

We first calculate the theoretical osmotic pressure. A decinormal solution 
of KSO, contains 1/20 mole per litre. Its osmotic pressure, if not ionized, should 
he 90 times lower than the osmotic,.pressure of a solution containing one mole 
per litre. Therefore, 


a= 


=0.82 or 82 per cent 


P= it=1.12 atm. 


According to the problem a = 0.71. The K250, “molecule” breaks down 


into three ions, hence yt 
Ew 
0.11=5—1; i=2,42 


Having found i, we determine P’: 


In practice, the degree of ionization of electrolytes is usually 
determined not by the cryoscopic method, but by a simpler one, 
involving measurement of the electrical conductivity of solutions. 

As we knuw, the conductivity of a solution is its capacity for 
conducting current. There is a close relation between the electrical 
conductivity and ionization. As only the dissociated part of the 
electrolyte is active in conducting current, it is clear that, other 
conditions being equal, the more molecules ionized, the better the 
solution will conduct current. Therefore, by measuring the conduc- 
tivity of the solution, we can calculate the degree of ionization of 
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the molecules in it. A detailed description of the procedure being 
beyond the scope of this textbook, we shall note only that the degrees 
of ionization of various electrolytes calculated by the conductivity 
of their solutions coincide quite well with the respective values 
obtained by the cryoscopic method. This was in its time one of the 
important factors which led to universal recognition of Arrhenius’s 
theory. 

Making use of the relation between the conductivity and the 
degree of ionization, it can easily be shown by experiment that the 
latter value increases as the so- 
lution is diluted. 

Two long copper plates sev- 
eral centimetres apart are lowered 
to the bottom of a rectangular 
vessel (Fig. 76) and connected 
to the poles of a battery of two 
dry cells, a galvanometer being 
cut into the circuit. The vessel 
is first filled with distilled wa- 
ter. The indicator of the galva- 
nometer will remain at rest, 
since water does not conduct cur- 
rent. Then, a concentrated solu- 
B tion of caustic soda (sodium 

: hydroxide) is added carefully 

Fig. 76. 1 mM ON: S} ডী 
Feo i aC CONCH OF 2 through a funnel with a long 
solution with dilution stem reaching down to the bottom 
of the vessel, so that the solution 
forms a thin layer at the bottom. The small number of Na: and OF’ 
ions in the concentrated solution fills the non-conducting interval 
which formerly existed in the circuit, and the indicator of the gal- 
vanometer is deflected a little, due to the presence of a slight current. 
Now stir the liquid in the vessel carefully.- The deflection of the 
indicator gradually increases, showing that the conductivity is 
rising; the indicator will stop moving only after the liquid becomes 
homogeneous. Since the amount of caustic soda between the electrodes 
remains unchanged when the liquid is stirred, the rise in the con- 
ductivity, from the standpoint of Arrhenius’s theory, is due to an 
increase in the number of ions in the solution. Thus the degree 
fs ET of caustic soda increases as the solution is di- 

uted. 

90. Strong and Weak Electrolytes. Measurement of the degree of 
ionization of various electrolytes has shown that different electro- 
lytes dissociate into ions in solutions of equinormal concentration 
very differently. 


re tery 
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An especially great difference in degrees of ionization is observed 
in the case of acids. For instance, nitric and hydrochloric acids break 
down almost completely into ions in 0.1 N solution; but carbonic, 
hydrocyanic and other acids ionize under the same conditions to a 
very insignificant degree. 

Of the water-soluble bases (alkalis), ammonium hydroxide is 
slightly ionized, whilst the other alkalis are greatly ionized. All 
salts, with very few exceptions, dissociate readily into ions. 

The variety of degrees of ionization among different acids is due 
to the nature of the valency bond between the atoms forming their 
molecules. The more polar the bond between hydrogen and the rest 
of the molecule, the more easily the hydrogen can split off, and the 
more the acid will be ionized. Besides, the degree of ionization of 
electrolytes depends also on the charges of the ions formed. For 
instance, with salts which already exist as ions in the solid form, 
the attraction between singly charged ions in the solution will 
obviously be weaker than between multicharged ions. ‘Therefore, 
solutions of salts of the type X*Y™ (such as NaCl, KNO,, etc.) 
should contain less unionized molecules than solutions of salts of 
the type X** Y-_ (CuSO ;,, ZnSO;, etc.), i. e., the degree of ioniza- 
tion of the former should be higher than that of the latter, which 
is actually the case. Salts of the types X3Y-™ or XY; (Nas50;,, 
CaCl») obviously occupy an intermediate position. 

Electrolytes which dissociate readily into ions are known as strong 
electrolytes in contradistinction to weak electrolytes, which yield 
but insignificant quantities of ions in aqueous solution. Solutions 
of strong electrolytes retain a high conductivity even at very high 
concentrations. On the contrary, the conductivity of solutions of 
weak electrolytes drops rapidly as the concentration increases. 
Strong electrolytes include such acids as hydrochloric, nitric, sul- 
phuric and several others, the alkalis (except NH,OH) and almost 
all salts. 

Polybasic acids and polyacidic bases ionize by steps. Thus, for 
instance, sulphuric acid molecules ionize first according to the equa- 
tion 

H,S0, = H+ HSO; 


or, to be more precise: 
H,S0,-+ H.0 = H.0' + HSO, 
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with much greater difficulty, as it has to overcome the attraction 
of the doubly charged SO, ion, which, of course, attracts the 
hydrogen ion more strongly than the singly charged HSO, ion. 
Therefore, the second step of ionization, or secondary ionization, as 
we say, takes place much less intensively than the first step, so that 
ordinary solutions of sulphuric acid contain but a small quantity 
of SO;,-ion. 
Phosphoric acid H3PO ;, ionizes in three steps: 
HPO, 2 H' + HPO; 
HPO; = H'4+-HPO, 
HPO, = H+ POL 
Hs3PO, molecules dissociate actively into H'- and H2PO; -ion. 
HPO; -ion behaves like a weaker acid, ionizing into H°* and HPO», 
to a smaller degree. HPO; -ion ionizes like a very weak acid, yield- 
ing hardly any H'- and PO: -ion at all. 
Bases containing more than one hydroxyl radical in their molecules 
also dissociate by steps. For instance: 
Ba (OH), = BaOH' +- OH" 
BaOH' Z Ba" +- OH’ 


As to salts, normal salts always break up into ions of metals and 
acid radicals. For example: 


CaCl, + Ca" +201 
Na,S0, + 2Na" + S50, 


Acid salts, like polybasic acids, ionize by steps. For instance: 


NaHCO, =: Na’ +- HCO, 
HCO; = H'+ C0, 


However, the degree of ionization in the second step is very small, 
So that a solution of an acid salt contains but an insignificant quan- 
tity of hydrogen-ion. 


Basic salts ionize into basic and acid radicals. For example: 
Fe (OH) Cl, = FeOH" + 2CY 


Secondary dissociation of the ions of basic radicals into metallic 
and hydroxyl ions hardly takes place at all. 

Table 13 gives the numerical values of the degrees of ionization 
of some acids, bases and salts in 0.1 N solution. 
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Table 13 
Degree of Ionization of Acids*, Bases and Salts in 0.1 N Solution 
at 18°C 

Electrolyte Formula Degr E ICR EOHOn, 

Acids ay 
Hydrochloric eee HCl 92 
Hydrobromic ee HBr 92 
Hydroiodic ae HI 92 
NitHGY FES EAD He RISE BS HNO, 99 
SULPhUriGR RA AE Lote H.S0, 58 
Sulphurous. tent ee H,SO; 34 
Phosphoric eee HPO, 27 
Hydrofluoric . eee HF 8.5 
A Getic, 203953 ve SEE a ALS ALER CH,COOH 1.3 
CarboMe! Lo ae Bp ars MALLE HCO; 0.17 
Hydrogen sulphide HsS 0.07 
Hydrocyanic . . ee HCN 0.01 
BOTT ENE Ne Ye O08 HBO 0.01 

Bases 
Barium hydroxide . Ba (OH), 92 
Potassium hydroxide . KOH 89 
Sodium hydroxide . . NaOH 84 
Ammonium hydroxide . NH,0H 1.3 

Salts 
Potassium chloride KCl 86 
Ammonium chloride . NH,Cl 85 
Sodium chloride . NaCl 84 
Potassium nitrate ee KNO, 83 
Silver nitrate . oe ee AgNO: 81 
Sodium acetate Le NaCH,COO 79 
Zinc chloride ee ZnCl, 73 
Sodium sulphate . Na,S0, 69 
Zinc sulphate ee ZnSO, 40 
Copper sulphate . ee CuSO, 40 


As the concentration is increased, the degree of ionization dimin- 
ishes. Therefore, in very concentrated solutions, even strong acids 
are ionized comparatively little. By way of example, the degrees of 


# In the case of polibasic acids the degree of primary ionization’ is given. 
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ionization of the concentrated acids usually used in the laboratory 
are as follows: 


Degree of ioni- 
zation, per cent 


Hydrochloric acid (35 p. ce. HCl) 13.6 
Nitric acid (62 p. c. HNO) 9.6 
Sulphuric acid (95 p. c. H250;) 1 


91. Ionization Constant. Since according to the theory of Arrhenius 
electrolytic dissociation is a reversible reaction, leading to a state 
of equilibrium between the unionized molecules and the ions, it 
obeys the Law of Mass Action. Hence, the equilibrium constant 
of this reaction can be derived in exactly the same way as for other 
reversible reactions. Take, for instance, an electrolyte, the molecule 
of which XY breaks down into X° and Y” ions: 


LY A KEY 


Denoting the concentration of unionized molecules by [XY], and 
the concentrations of the ions by [X'] and [Y'], we have at equi- 
librium: 

\P-90 GLb 29 
Ee 


The equilibrium constant K is in this case called the constant 
of ionization or dissociation..Its value characterizes the ability of 
the electrolyte to ionize. Indeed, from the previous equation it can 
be seen that the higher the value of K, the greater must be the con- 
centration of the ions at equilibrium, i.e., the more the electrolyte 
is ionized. 

A definite relation exists between the ionization constant and the 
degree of ionization of an electrolyte, making it possible to express 
either of these values in terms of the other. If C is the molar con- 
centration of an electrolyte which breaks down into two ions, and 
its degree of ionization in a given solution is «, the concentration 
of each of the ions will be Ca, and the concentration of unionized 
molecules C (1—%). Then the equation of the ionization constant 
becomes 


(Ca)? a 
EES SEE 


This equation is the expression of Ostwald’s Dilution Law. It 
enables computation of the degree of ionization for various concen- 
trations if the ionization constant of the electrolyte is known. On 
the other hand, if the degree of ionization is determined at any 
definite concentration, the ionization constant can easily be computed 


91. Jonization Constani 269 


therefrom. In these calculations the concentration of unionied 
molecules is expressed in gram-molecules (moles) per litre. Accord- 
ingly, the concentration of the ions is expressed in gram-ions per 
litre. 

A gram-ion is a quantity of an ion the weight of which in grams is 
numerically equal to its weight in oxygen units. For instance, a 
gram-ion of CY’ equals 35.5 gr., a gram-ion of OH’ equals 17 gr., etc. 

The equilibrium constant does not depend on the concentration 
of the initial substances of the reaction. Therefore, if equilibrium 
actually exists in a solution ofan electrolyte, the value of the ioniza- 
tion constant should be the same no matter what concentration of 
the solution it is calculated for. Let us attempt to carry out a calcu- 
Jation of this sort and thus verify Arrhenius’s theory. 

We shall calculate the ionization constant for some weak elec- 
trolyte, acetic acid, for instance, which ionizes according to the 


equation 
CH,COOH z: H' + CH,COO! 


proceeding, say, from a 0.1 N solution. The degree of ionization 
of acetic acid in 0.1 N solution equals 0.0132. Substituting these 
figures into the equation of the equilibrium constant 


we get: 


te (008 ক j 4“ 
K = 20037 x 0.1 =0.0000176 or 1.76.107° 


Now we carry out a similar calculation for a 0.01 N solution in 
which the degree of ionization equals 0.041: 


(0.041) Lt th 
K=72300 0.01 =0.0000175 or 1.75:10 

These two values found for the ionization constant of acetic acid 
are in very good agreement. They agree also with the values cal- 
culated for other concentrations of acetic acid. Hence, the ionization 
of acetic acid, a typical weak electrolyte, obeys the Law of Mass 
Action. 

The picture is entirely different in solutions of strong electrolytes. 
By way of illustration, the results of calculations of the ionization 
constant of potassium chloride in solutions of various concentrations 
are given in Table 14. 

Here K is no longer a constant, as it does not remain invariable 
but increases with the concentration of the solution. Variability 
of K is characteristic not only of potassium chloride but of any 
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[] Table 14 
Ionization of Potassium Chloride at 18°C 
KCl le 
concentration « K 
2N 0.712 3.52 
EN ur 0.756 2.34 
0.5 N 0.788 1.46 
0.1N 0.862 0.536 
0.01 N 0.942 0,152 


strong electrolyte. Hence, the Law of Mass Action is obviously in- 
applicable to strong electrolytes. 

Thus, in the case of weak electrolytes, the theory of Arrhenius 
quite agrees with experimental data; but for strong electrolytes it 
requires essential corrections. 

92. State of Strong Electrolytes in Solution. The theory of Ar- 
rhenius derives all its conclusions on the assumption that no per- 
ceptible forces act between the ions in solution and that the mobility 
of the ions does not depend on their concentration. But ions are 
electrically charged particles. If in solutions of weak electrolytes 
where the ionic concentration is insignificant, the forces of elec- 
trical interaction between ions may be neglected, in solutions 
of strong electrolytes this is not quite the case. Owing to the con- 
siderable concentration of the ions, the mean distance between 
them is comparatively small. For instance, in a saturated solution 
of sodium chloride the mean distance between the ions is only twice 
aS large as in NaCl] crystals. Under such conditions the forces of 
interionic attraction and repulsion are quite high. These forces 
cause strong electrolytes to deviate from the Law of Mass Action. 

We now have at our disposal a well-developed theory explaining 
the peculiar behaviour of strong electrolytes in solution by making 
allowance for the action of interionic forces. Owing to the mathe- 
matical complexity of this theory, only a general idea of it can be 
given in this book. 

From investigations of crystal structure we know that salts, which 
are the most typical strong electrolytes, consist of separate ions, 
and not molecules, even in the solid form. But if there are no mole- 
cules as such in the bulk of the solid, it is natural to assume there 
are none in the solution of the substance either. Therefore it must 
be considered that all strong electrolytes are completely ionized in 
aqueous solutions, independent of their concentration. However, 
in such solutions the ions are not quite free, their motion being 
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impeded by mutual attraction. Owing to this attraction, each ion 
is surrounded by a sphere-shaped swarm of ions of the opposite 
charge, a so-called “ionic atmosphere.” While the solution is in 
equilibrium, i.e., no chemical reactions, diffusion, etc., are taking 
place in it, the ionic atmosphere is symmetrical and the forces acting 
on the central ion cancel each other. 

If electrodes connected with a source of electric current are dipped 
into the solution, the oppositely charged ions begin to move in 
opposite directions, each ion tending to leave its ionic atmosphere. 
But the atmosphere the ion attempts to leave keeps drawing it 
back, as a result of which the motion of the ion is retarded, and there- 
fore the number of ions passing through the solution per unit time, 
i.e., the current, decreases. The higher the concentration of the 
solution, the stronger the retarding action of the ionic atmosphere and 
the lower the conductivity of the solution. Hence the impression that 
the number of ions in solution decreases with growing concentra- 
tion. Actually, however, ionization is complete at all concentrations; 
therefore, by measuring the conductivity, we can determine only 
the apparent degree of ionization. 

The forces of interionic attraction and repulsion affect the meas- 
ured osmotic pressure in a similar manner, so that despite complete 
ionization, the latter is lower than might be expected for a doubled, 
trebled, etc., number of particles. For the same reason, the ability 
of the ions to enter into chemical reaction is weakened. In brief, 
all the properties of a solution of electrolyte which depend on the 
concentration of its ions manifest themselves as if the number of ions 
in solution were smaller than that corresponding to their concen- 
tration (in gram-ions per litre), calculated on the assumption of 
complete ionization of the molecules. 


To evaluate this inhibited ability of ions to enter into reaction, a value is 
now employed known as the activity. The activity of an ion is its effective con- 
ventional concentration, according to which it acts during chemical reactions. 
The activity of an ion equals its concentration multiplied by a certain fraction, 
called its activity coefficient. An activity coefficient less than 1 means that the 
actions of the ion are limited; if the activity coefficient equals 1, the actions 
of the ion are not hindered. The latter is true only of very dilute solutions, in 
which the ions are so far apart that the interionic forces may be practically 
neglected. 

Tf the activities of ions are used instead of their concentrations, the Law of 
Mass Action becomes applicable to strong electrolytes. 


Thus, in contradistinction to the conceptions of Arrhenius, the 
present-day theory of ionization assumes that strong electrolytes 
are practically completely ionized. Therefore, if we sometimes speak 
of the degree of ionization of strong electrolytes, we really mean 
the apparent degree of ionization found by the conductivity or 
cryoscopic method. 
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98. Properties of Acids, Bases and Salts from the Point of View of 
the Ionization Theory. In the foregoing paragraphs we have become 
acquainted with the Theory of Ionization. Now we shall examine 
the properties of substances—acids, bases and salts—which are 
electrolytes in aqueous solution, on the basis of this theory. 

1. Acids. As we know, acids have the following generic proper- 
ties: 

a) sour taste; 

b) ability to change the colour of many indicators, particularly 
to turn litmus red; 

¢) ability to dissolve certain metals with the evolution of hydrogen; 

d) ability to react with bases to form salts. 

All these properties of acids are manifested only in solution, more- 
over, almost exclusively in aqueous solution. For instance, dry 
hydrogen chloride and its solution in benzene possess no acidic prop- 
erties at all, do not even turn litmus paper red, but its solution in 
water, hydrochloric acid, is one of the most typical acids; similarly 
anhydrous sulphuric acid does not act at all on zinc at ordinary 
temperatures, while its aqueous solution reacts vigorously with zinc, 
liberating hydrogen. 

As we know now, aqueous solutions of acids do not contain mole- 
cules, but mainly free ions. It is clear, therefore, that the properties 
of such solutions must also depend on the properties of the separate 
ions and not on integral molecules. 

Since the formation of hydrogen-ion is a sine qua non in the ioniza- 
tion of any acid, all the properties common to aqueous solutions 
of acids must be attributed to hydrogen-ion or, more precisely, 
to oxonium-ion. It is they that turn litmus red, react with metals, 
account for the sour taste of acids, etc. When the hydrogen-ion 
is removed, as by neutralization, the acid properties disappear. 
Therefore the Theory of Ionization defines acids as electrolytes which 
ionize in aqueous solution to form hydrogen-ion and yield no other 
positively charged ions. The last phrase is necessary because cer- 
tain acid salts, such as KH2PO, or NaHSO;,, also split off hydro- 
gen ions in aqueous solution, at the same time yielding positively 
charged metal ions.* 

Acids in which the above properties are well pronounced, are 
called strong acids. Since the bearer of the acid properties is hydro- 
gen-ion, the higher the concentration of the latter in the acid solu- 
tion at any definite dilution, i.e., the better the acid ionizes, the 
stronger it will be. Examples of strong acids are hydrochloric and 
nitric acids, which are probably completely ionized, but in 0.1 N 


* Hydrogen-ion may form also when salts of heavy metals are dissolved in 
Water, due to interaction between the metal cations and water (see § 102). 
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solution have an apparent degree of ionization of approximately 92 
per cent, due to the electrical interaction between their ions. On 
the other hand, acids with low degrees of ionization. such as acetic, 
carbonic and others, are considered weak. 

Thus the measure of the strength of acids is their degree of ioniza- 
tion. 

The strength of acids can be judged by various reactions. By 
way of example we may indicate the rate of liberation of hydrogen 
from various acids during 
their reaction with metals. 

Perform the following exper- 
iment. Pour normal solutions 
of hydrochloric, phosphoric 
and acetic acids into separate 
small flasks. Throw an iden- 
tical piece of zinc or magne- 
sium into each flask and close 
them quickly with stoppers 
carrying gas delivery tubes 
the outlets of which are im- 
mersed in a water bath under 
inverted burettes (Fig. 77). 

Hydrogen will be liberated 
the most rapidly by the hy- 
drochloric acid, much more 
slowly by the phosphoric acid 
and very slowly by the acetic 
acid. Thus, ‘it we judge the 
strength of the acids by the 
rate of liberation of hydro- Fig. 77. Apparatus for comparing va- 


gen, the strongest of these rious acids with respect to rate of hydro- 
three acids is hydrochloric gen liberation 


and the weakest, acetic, this 
being in full agreement with their respective degrees of ionization. 
The difference in strength of acids is gradually smoothed over 
as they are diluted, since with increasing dilution the degree of 
ionization of all electrolytes grows, approaching 100 per cent. With 
very high dilution all acids and bases are ionized almost completely, 
i.e., are equally strong. However, we must not conclude from this 
that the more dilute an acid, the more vigorous its action. Actually, 
the action of an acid depends on the concentration of hydrogen-ion 
in its solution, which in its turn depends both on the degree of ioniza- 
tion and on the total concentration of the acid. Although the degree 
of ionization increases as the solution is diluted, the total concentra- 
tion of the acid decreases, and, moreover, usually more rapidly 
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than the former grows. Therefore, in dilute solutions the concen- 
tration of hydrogen-ion is always lower than in concentrated. This 
is easy to see in the case of hydrochloric acid (Table 15). 

Table 15 


Degree of Ionization and Hydrogen-Ion 
Concentration in HCI Solutions 


Hydrogen-ion 


HCl D f joni- i 
concentration nth ter Cen RAN 
I0N 12 4,2 
1N 78 0.78 
O.1N 92 0.092 


2. Bases. Aqueous solutions of bases possess the following generic 
properties: 

a) a peculiar “soapy” taste; 

b) ability to change the colour of indicators inversely to acids, 
for instance, to turn litmus blue; 

¢) ability to react with acids to form salts. 

Since the presence of hydroxyl-ion is common to all solutions of 
bases, it is obvious that the bearer of their basic properties is hy- 
droxyl-ion. Therefore, from the standpoint of the ionization theory 
bases are electrolytes which ionize in aqueous solution, splitting off 
hydrozxyl-ions.* 

The strength of bases, like that of acids, depends on the degree of 
their ionization. The strongest bases are sodium hydroxide and 
potassium hydroxide which. are probably completely ionized in 
aqueous solution, although their apparent degree of ionization in 
0.1 N solution is about 90 per cent. Most bases are weak electrolytes. 

3. Salts. Salts may be defined as electrolytes which ionize upon 
being dissolved in water to form positive ions other than hydrogen- 
ion and negative ions other than hydroxyl-ion. There are no ions 
common to aqueous solutions of all salts; therefore salts possess no 
common properties. Salts, as a rule, are highly ionized, their ioniza- 
tion being the higher, the lower the valency of their ions. 

94. Hydroxides and Their Ionization. All oxygen acids and all 
bases may be regarded as products of combination of the correspond- 
ing oxides with water and they may be united under the common 
name of hydrated oxides or hydroxides. For instance, sulphuric 


* Some salts, when dissolved in water, also চর rise to hydroxyl-ion, but 
the latter Originates from the water molecules and not from the salts (see § 102). 
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acid may be regarded as the hydrated oxide of hexavalent sulphur, 
nitric acid, as the hydrated oxide of pentavalent nitrogen, etc. 

Classification of hydrated oxides as acids or bases depends on the 
ions they yield in aqueous solution. If hydrogen-ion is formed upon 
ionization, the hydrated oxide is called an acid; if it ionizes, yielding 
hydroxyl-ion, it is classed as a base. 

In this connection, two types of ionization of hydrated oxides may 
be distinguished: 

the acid type of ionization: 


R—0—H z RO'+H 
and the base type of ionization: 
R—0—H= R:+0H’ 


Thus, when hydrated oxides ionize, the rupture may occur either 
at the bond between the oxygen and the hydrogen (acid type of 
ionization) or in that between the element R and the oxygen (base 
type of ionization). The type of ionization depends on the position 
of the element R in the Periodic Table, determining the relative 
strength of the bonds between the element and oxygen, on the one 
hand, and between oxygen and hydrogen, on the other. 

Knowing the properties of the hydrated oxide, i.e., whether it is 
acidic or basic, we write its formula accordingly, putting the hydro- 
gen in front of it if it is an acid, or the metal, if it is a base. For 
instance, boric acid is represented by the formula Hs3BOs; and not 
B(OH) 3; ferric hydroxide by the formula Fe(OH): and not HaFe0s. 

Besides acidic and basic, there exist also amphoteric hydroxides 
which, depending on the medium, may behave either as acids or as 
bases. Examples are Zn({OH)», AI(OH)s3, etc., with which we shall 
become acquainted when we come to the metals. 

Amphoteric hydroxides react both with acids and with alkalis to 
form salts. For instance, zinc hydroxide dissolves in acids, forming 
Zinc salts: 

Zn (OH); + H,S50,= ZnS0, + 2H,0 


but zinc hydroxide dissolves also in alkalis, acting in this case as 
zincic acid H2Zn0» and forming salts of this acid: 


H.Zn0, + 2NaOH = NazZn0, 4-2H,0 


In practice, the nature of hydrated oxides and the class they belong 
to are established either by means of indicators, if they are soluble. 
in water (soluble acids, alkalis), or by their attitude towards acids. 
and alkalis, if they are not. Acid hydroxides dissolve in alkalis but 
are insoluble in other acids; basic hydroxides dissolve in acids but 
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are insoluble in alkalis, and amphoteric hydroxides dissolve both in 
acids and in alkalis. 

The composition of any hydroxide ought to be expressed by the 
general formula R(OH),, where 2 is the valency of the element R. 
However, hydroxides in which the valency of R is greater than two, 
often split off part of their water to form compounds with lower 
water contents. For instance, the hydroxide of trivalent chromium 


0 
can exist in the form of Cr(OH) 3, but also in the form of on + Ele- 
OH 


ments having a valency of more than four seldom form hydroxides 
with a complete number of hydroxyl groups. Thus, pentavalent 
phosphorus should have had a hydrated oxide of the formula P(OH);, 
but orthophosphoric acid, the highest hydroxide of phosphorus in 
hydrogen, contains only three hydroxyl radicals. Its formation from 
phosphoric anhydride P20; and water may be represented as follows: 


OH OH OH OH 


~N/ 
P,0;4-5H,0 = 2P—0;;77- 26 =0 (or HPO.) +-2H,0 


Experimental data show that the atoms of the elements in the 
second period can be chemically linked with not more than three 
oxygen atoms. Therefore, the formula of nitric acid is HNOs or 


(9) 
HONK but not (HO);5N; the formula of carbonic acid is HCO: 
0 


HO 
or C=O and not (HO),C. 
HO 
Atoms of the elements of the third and fourth periods are usually 
chemically linked directly with as many as four oxygen atoms, as can 
be seen from an examination of the formulas of their hydroxides: 


Silicic Phosphoric Sulphuric Perchloric 
acid n acid acid acid 
H,Si0, Hi,PO, H,S0, HClO, 
OH HO. HO 0 0 
ER 7 Y 


Si Er 01% 
RRS a HO/ No  HO—dSO 
HO 0 
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G i fj ্ E bs 
EE হৰণ Re 
HGe0, HAsO, H.Se0, টনি 
HO OH HO HO." 0 
Nee A Be Sse V2 2 (9) 
HO/ “Non. HO—-As=0 HO/™ No  HO—MngO 
HO/ Ny 


Acids like metasilicic HSi0 3 and metaphosphoric HPO; seem at 
first sight to be exceptions to this rule. However, the formulas given 
above for these acids are their empirical formulas, and do not reflect 
the true composition of their molecules, which, according to present- 
day data, corresponds to the formulas (H5Si0 3), and (HPOs),, where 
w equals three or more. 

The largest number of oxygen atoms which can be grouped around 
the atom of an element of the fifth period (in its corresponding valency 
state) equals six. Examples are telluric and periodic acids: 


Telluric acid Periodic acid 
HeTe0, H.IlO, 
HO H H' 
5X HD 0 0H 
HO—Te—OH HO—I=0 
HO/ DoH HO/ DoH 


Thus, the composition of hydroxide molecules is determined not 
only by the valency of the elements (which in its turn depends on the 
group of the element in the Periodic Table), but also by the period in 
which the element is located. 

95. Shift of Ionic Equilibria. Like any other chemical equilibrium, 
the equilibrium existing in solutions of electrolytes between their 
ions and unionized molecules remains unaltered as long as the exter- 
nal conditions are the same; any change in these conditions causes a 
shift of equilibrium in one direction or the other. We have already 
seen that increasing the volume of the solution by adding water to 
it shifts the equilibrium towards the formation of new quantities of 
ions (the degree of ionization rises); decreasing the volume by evapo- 
ration causes the reverse effect. 

The equilibrium is disturbed also if the concentration of one of the 
ions in the solution is altered: an increase in the concentration will 
shift the equilibrium towards the formation of unionized molecules, 
simultaneously decreasing the concentration of the other ion. For 
instance, if a solution of an acetate salt containing a large amount 
of CH3COO’-ion is added to a solution of acetic acid, CHACOOH, 
which ionizes according to the equation 


CH,COOH Z H'-++ CH,COO’ 
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the ionization equilibrium shifts to the Jeft, i. e., the degree of ioni- 
zation of acetic acid falls. Hence, we come to the conclusion that the 
introduction into the solution of a weak electrolyte of like ions (i. e., 
ions identical to one of the electrolyte ions) decreases its degree of 
ionization. On the other hand, reducing the concentration of one of 
the ions causes new portions of the molecules to ionize. For instance, 
if hydroxyl-ion is introduced into a solution of the above acid the 
ionization of the acid increases due to binding of the hydrogen-ion. 

Let us examine one more important case of equilibrium shift, 
namely, in a saturated solution of electrolyte. It was stated on page 
225, that when a solid is dissolved in water it stops dissolving as soon 
as the solution becomes saturated, i. e., as soon as a state of equilib- 
rium is reached between the solute molecules still in the solid and 
those already in solution. When strong electrolytes, such as salts 
with ionic crystals, are dissolved, separate ions and not molecules, 
Pass into solution and consequently equilibrium in saturated solu- 
tions is set up between the ions which have passed into solution 
and the solid phase of the solute or, more precisely, between the free 
ions in solution and the bound ions in the salt crystals. For instance, 
in a saturated solution of calcium sulphate, CaSO ;,, the following 
equilibrium should exist: 


Cat + (S0,)-- + Ca" +501 
bound ions in the {free ions in 
Solid salt solu tion 


Applying the Law of Mass Action to this heterogeneous equilibrium 
and keeping in mind that the concentration of the solid phase is not 
included in the expression for the equilibrium constant (see p. 193) 
we may write: 


[Ca"].[S0,] = 


Thus, in a saturated solution of a slightly soluble electrolyte the 
product of the concentrations of its ions is constant at any definite 
temperature. As this value characterizes the ability of the electrolyte 
to dissolve, it is called the solubility product of the electrolyte and 
is designated by SP. 

Replacing K in the above equation by SPcaso.. we get: 


SPcaso, = [Ca"].-[S0, ] 


The numerical value of the solubility product can easily be found 
if we know the solubility of the electrolyte. For instance, the solu- 
bility of calcium sulphate CaSO; at 20°C is 1.5 X 107? moles per litre, 
meaning that one litre of saturated CaSO, solution at 20°C contains 
1.5X10™* moles of CaSO;. Since each CaSO; “molecule” upon ioniza- 
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tion yields one Ca’ ion and one SO,” ion, the concentration of each 
of them evidently equals 1.5X107* gram-ions per litre. Therefore, 
the solubility product of calcium sulphate is 


SPGaso, = [Ca"].[S0, ]=1.5-10-2.1.5.10-21=2.25.10-t 


‘The above calculation, carried out on the basis of the classical theory of 
ionization, is not quite exact, as it makes no allowance for the influence of the 
electrostatic forces acting between the ions on the solubility of the electrolyte. 
Tf this influence is taken into account, the value obtained for CaSO, is a little 
smaller. In the case of very slightly soluble electrolytes the influence of these 
forces may be neglected. 


It is clear that when the electrolyte molecule contains two or more 
identical ions, the concentrations of these ions should be raised to 
the corresponding power when calculating the solubility product. 
For example: 

SPppr, = [Pb"] [1] 


Now what will happen if to a saturated solution of calcium sulphate 
we add another, more soluble electrolyte containing a common ion 
with calcium sulphate, say, potassium sulphate? Owing to the in- 
crease in the concentration of SO;-ion, the equilibrium existing in 
the solution will evidently begin to shift towards the formation of 
solid CaSO,. In other words, Ca‘'- and SO; -ions will be removed 
from the solution, forming a precipitate of CaSO ,;,, until the product 
of their concentrations again becomes equal to the solubility product 
of CaSO;,. As a result, the amount of calcium sulphate in solution 
will decrease. 

The truth of the above can easily be demonstrated experimentally 
by adding a little concentrated Ks250, solution to saturated solution 
of calcium sulphate. A white crystalline precipitate of CaSO, is 
immediately thrown down. 

Thus, we come to the conclusion that the solubility 0f an electrolyte 
decreases when like ions are introduced into its solution. Exceptions 
to this rule are those cases when one of the ions in solution is bound 
by the ions introduced leading to the formation of larger (complex) 
ions. 

It follows from this that a precipitate of any slightly soluble 
electrolyte will form during a reaction whenever the product of the 
concentrations of its ions in solution exceeds its solubility product. 

The solubility product rule makes it possible to solve numerous 
problems involving the formation or dissolving of precipitates during 
chemical reactions, this being especially important for analytical 
chemistry. It must, however, be kept in mind that the solubility 
product is a constant only for slightly soluble substances and under the 
condition that the concentrations of the like ions introduced into the 
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solution are not too high. In the case of soluble electrolytes, the 
product of the concentrations of its ions in saturated solution may 
vary greatly, depending on the presence of greater or smaller quan- 
tities of other substances.* Therefore, calculations involving the 
solubility product rule lead to incorrect results in these cases. Nev- 
ertheless, the solubility product rule can be used Successfully for 
qualitative explanations of various reactions in analytical chemistry. 

96. Reactions in Solutions of Electrolytes as Reactions Between 
Their Ions. The chief value of the Theory of Ionization was that it 
threw an entirely new light on reactions taking place between electro- 
lytes in aqueous solutions. When we dissolve a Strong electrolyte in 
Water we get a solution containing, according to present-day views, 
only ions, and not molecules, of the electrolyte. Each ion has its 
characteristic properties, which it retains in any solution regardless 
of the presence of other ions. For instance, hydroxyl-ion always 
turns litmus blue, gives the solution a soapy taste, etc., no matter 
what alkali we take. Thus, a solution of an electrolyte is essentially 
a mixture of ions (or their hydrates) and water molecules. Hence it is 
clear that when solutions of two strong electrolytes are mixed, only 
their ions, and not their molecules, which do not exist in solution, 
can enter into reaction. Therefore, the result of the reaction must 
depend exclusively on the kinds of ions contained in the initial 
solutions. Let us examine, for instance, the reactions which take 
place when solutions containing silver salts are mixed with solutions 
of various chloride salts: 


AgNO, + NaCl= JAgCl-{- NaNO, 
Ag»S0, + CuCl, = J2AgCl + CuSO, 
AgCH,COO 4+-KCI= JAgCI+-KCH,COO 


In all cases a characteristic white curd-like precipitate of insoluble 
silver chloride is formed. 

The appearance of the same precipitate when three pairs of abso- 
lutely dilferent substances react is difficult to explain on the basis 
of the molecular theory. If the formation of the precipitate is attrib- 
uted to the fact that the reactants contain the elements chlorine 
and silver in all cases, a whole series of examples can be cited where 
under similar conditions no silver chloride results. For instance, 
if a solution of potassium chlorate KC1lO; is treated with a solution 
of silver nitrate AgNOs, no precipitate will form in spite of the 
presence of chlorine in potassium chlorate. No precipitate appears 
either when various organic compounds containing chlorine, such as 
chloroform CHCl, chlorpicrin CCI3NO2 or others are acted on by 
Silver salts. 


* These changes take place due to changes in the activity coefficients of 
the ions. 
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But these difficulties immediately disappear if we take the stand- 
point of the ionization theory. Not the initial substances as such, but 
the ions they form in solution, enter into the reaction. All solutions 
of silver salts always contain Ag‘-ion together with other ions, and 
all the solutions of chloride salts contain Cl'-ion. In mixing these 
solutions by pairs we make possible a reaction between the same ions, 
namely chloride and silver ions, and therefore we get the same pre- 
cipitate, silver chloride, in all three cases. Evidently, silver chloride 
will result each time silver-ion encounters chloride-ion in solution. 

Thus, with the aid of silver-ion we can easily detect the presence 
of chloride-ion in solution and vice versa, with the aid of chloride- 
ion we can detect the presence of silver-ion. Hence CI’ -ion can serve 
as a test for Ag--ion, and Ag‘-ion, as a test for Cl’-ion. But if chlo- 
rine is present in solution in any other form than free Cl’-ion, i. e., 
as a constituent of other ions or unionized molecules, silver-ion will 
be of no help in discovering the presence of chlorine. 

It was stated above that potassium chlorate and organic compounds 
containing chlorine give no AgCl precipitate when acted upon by 
Silver salts. This is due to the fact that potassium chlorate ionizes 
according to the equation 


KCIO, = K+ C0; 


So that its solution contains no Cl'-ion, while the above organic 
chlorine compounds do not ionize at all. 

All the above leads to the conclusion that reactions between electro- 
lytes in solution are reactions between their ions. 

97. Ionic Equations. Ordinary chemical equations make no allow- 
ance for the ionization of molecules and therefore to express the 
nature of reactions which take place between electrolytes in solution 
ionic equations are used. Let us derive such an equation for one of the 
reactions considered in the previous paragraph, say, for the reaction 


AgNO, + NaCl= NaNO, 4-JAgCl (4) 


To bring about this reaction we mix solutions of AgNO: and 
NaCl. The result is a precipitate of AgCl, while NaNO; remains in 
solution. 

Taking into account that the salts AgNOs, NaCl and NaNO: 
are completely ionized in solution and that only the precipitate 
AgC] consists of linked ions, equation (1) can be rewritten as fol- 


lows: ন E : 
Ag + NO; Na’ +- CY =Na + NO, + JAgCI (2) 


Now, what change took place when the solutions were mixed? 
NO;-ion and Na‘-ion were free before mixing and remained so after 
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mixing. The reaction took place only between Ag:-ion and Cl’-ion, 
which combined to form insoluble silver chloride. Hence, NO;-ion 
and Na‘-ion did not take part in the reaction. But then there is no 
need to indicate their presence in the reaction at all, just as the 
presence of water or air has not been indicated in any of the foregoing 
reactions. Cancelling the symbols of these ions in both sides of the 
equation we get: 

Ag +0 =JAgCl (3) 


This is the ionic equation of the reaction in question. It is much 
simpler than the molecular equation, and at the same time expresses 
the entire essence of the reaction which has taken place. Obviously, 
whatever soluble salts of silver and hydrochloric acid we take, the 
reaction between them will be expressed by the same ionic equation, 
since in all these cases the same chemical process takes place, namely, 
the union of silver-ion with chloride-ion to form silver chloride. 

Hence ionic equations, in contradistinction to ordinary molecular 
equations, do not pertain to any one reaction between definite sub- 
stances, but embrace a whole group of analogous reactions. This is 
their main value and importance, 

98. Mechanism of Exchange Reactions in Solutions of Electrolytes. 
An enormous number of the reactions taking place between electro- 
lytes in aqueous solution are of the exchange type. We shall now 
examine the mechanism of these reactions in somewhat greater 
detail, proceeding from the assumption that strong electrolytes are 
completely ionized. 

In the general form an exchange reaction can be expressed by the 
equation 

AB+CD =AD-+CB 


Suppose AB and CD are strong electrolytes, so that their solu- 
tions contain only the free ions A', B’', C° and D’. Then the result 
of the reaction will depend entirely on the solubility and ionizability 
of the resultants AD and CB. Two principal cases are possible: 1) 
the resultants are also strong electrolytes readily soluble in water and 
2) one or both of the resultants are insoluble or are weak electrolytes. 

Let us examine some concrete examples to see what happens in 
both cases. 

If we mix solutions of two strong electrolytes, say, sodium chloride 
NaCl and potassium nitrate KNOs:, the reaction between them 
can be represented in the molecular form by the equation 


NaCl + KNO;, = NaNO, + KCI 


Since the salts NaNO; and KCl are readily soluble in water it was 
formerly thought that this reaction is not complete and results in 
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a state of equilibrium between the reactant and resultant salts. 
Now we know that all four salts, being strong electrolytes, are com- 
pletely ionized. Therefore, passing over to the ionic equation of the 
reaction we may write: 


Na’ + CI +K'4-NO,=Na' +NO;-+K' + CI 


Hence, it is obvious that whether mixed or not, the solutions contain 
only the free ions: 


Na’, K', Cl and NO; 


Thus, from the standpoint of the ionization theory no reaction takes 
place at all in this case. This conclusion is confirmed by the fact that 
when sodium chloride and potassium nitrate solutions are mixed heat 
is neither evolved nor absorbed, showing that no chemical change 
takes place. 

It is a different thing if one of the resultants is a weak electrolyte. 
Take, for instance, the reaction which ensues when a solution of 
sodium acetate NaCH3COO is mixed with a solution of hydrochloric 
acid: 

NaCH,COO + HCl= CH,COOH -+- NaCl 


Before mixing, the solutions contained the ions Na‘, CH3COO0', H' 
and CY’. After mixing the CH3CO0O0'-ion and H'-ion in the solution 
unite to form unionized molecules of a weak electrolyte, namely, 
acetic acid CH3COOH. This continues until the quantity of H-ion 
and CHs3CO00’-ion left in solution corresponds to the low degree of 
ionization of acetic acid. As a result, the solution will contain Na‘- 
and Cl‘-ion, CHaCOOH molecules and an insignificant quantity 
of H-ion and CHs3C00’-ion. Neglecting the latter, the reaction 
may be represented by the following ionic equation: 


H'+C "Na+ CH,CO0'=Na' + CY + CH,COOH 
or, cancelling the ions not taking part in the reaction: 
H' + CH,CO0’ = CH,COOH 


Hence, the entire reaction reduces to the formation of unionized 
acetic acid molecules from H-ion and CH:3C00’-ion. Such a reac- 
tion is called displacement of a weak acid from its salt by a strong 
acid, because during the reaction the strong acid (hydrochloric) 
is replaced in the solution by the weak acid (acetic). 

Another example of a reaction, during which a slightly ionized 
substance forms, is the reaction of neutralization of strong acids 
by strong bases, such as: 


HO-+ NaOH = NaCl + H,0 
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Since one of the substances formed during this reaction, namely, 
water, is practically hardly ionized, we get, passing over to the ionic 
equation: 
H +0 4+Na'+0H’=Na' +0 +H0 
H-+-0H’ =H,0 


The latter equation expresses the process of neutralization of any 
strong acid by any strong base in terms of the ionization theory .There- 
fore, neutralization reduces to the formation of water molecules from 
hydrogen- (or oxonium-) ion and hydroxyl-ion. 

As any reaction consisting in the neutralization of a strong acid 
by a strong base involves only the union of hydrogen- and hydroxyl- 
ion, the quantity of heat liberated during such reactions should 
always be the same, independent of the nature of the acid or base. 
This conclusion is actually confirmed by experiment: when any 
strong acid is neutralized by any strong base about 13.8 Cal. of heat 
are evolved for each gram-molecule of water formed: 


HCl -+- NaOH = NaCl + H.0 4-13.75 Cal. 
HNO,+ KOH=KNO,-+ H,0--13.77 Cal. 
HCl -+ KOH = KCl + H,0 + 13.75 Cal. 


Reactions similar to those of the formation of weak electrolytes 
take place also when one of the resultants is insoluble and is evolved 
as a precipitate or a gas. The above-mentioned reactions between 
silver salts and chloride salts may be cited as examples, these reac- 
tions reducing to the formation of insoluble silver chloride from 
silver-ion and chloride-ion: 

Ag + CV =JAgCl 


Of course, there are no absolutely insoluble substances and there- 
fore, when silver chloride forms, a certain amount of silver-ion and 
chloride-ion, corresponding to the solubility product of AgCl, re- 
mains in solution. Since this quantity is insignificant, it is neglected 
when the reaction is represented by an ionic equation. In exactly 
the same way we derive the ionic equations of other reactions accom- 
panied by the formation of very slightly soluble substances. 

Now let us see how the reaction proceeds when one of the react- 
ants is a weak electrolyte. Of course, if the substances formed as 
a result of the reaction are strong electrolytes, no reaction will occur, 
as is the case, for instance, when solutions of CH3COOH and KCI 
are mixed. But if one or both of the resultants are still weaker elec- 
trolytes than the reactants the latter may undergo almost complete 
change. Consider, for instance, the neutralization of acetic acid by 
sodium hydroxide: 


CH,COOH + NaOH = NaCH,COO 4- H,0 
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If we mix solutions of acetic acid and sodium hydroxide, we get 
a solution which will at first contain Na -ion and OH’-ion, as well 
as a small quantity of H'-ion and CH 3COO0'-ion in equilibrium with 
unionized acetic acid molecules 


CH,COOH = H'4-CH,COO’ 


H-ion and OH'’-ion combine to form molecules of practically 
unionized water. As more and more hydrogen-ion is bound, the 
equilibrium between the molecules of acetic acid and its ions is 
disturbed and new molecules begin to ionize. This process will con- 
tinue until all the molecules of acetic acid become ionized. 

Thus, two processes take place simultaneously in the solution, 
namely, ionization of acetic acid molecules and formation of water 
molecules from hydrogen-ion and hydroxyl-ion. All this can be 
represented by the following scheme: 


CH,COOH =: H’ + CH;,CO00’ 
NaOH — OH" + Na’ 
} 
H,0 


It would be incorrect in this case to represent the neutralization 
reaction by the same ionic equation as the neutralization of strong 
acids by strong bases, i. e., 


H'+ 0H’ = H,0 


as there had been almost no free hydrogen-ion in the initial solution. 
The hydrogen-ion formed gradually in the course of the reaction 
from the acetic acid molecules; hence, the acetic acid molecules 
also participated indirectly in the reaction, supplying more and 
more hydrogen-ion as the latter was bound by hydroxyl-ion. 

To reflect this in the ionic equation, acetic acid is represented 
in its molecular form, in which it mainly existed in the initial solu- 
tion. 

CH,COOH + Na’ + OH’ = H,0 + Na’ + CH,CO00’ 


Cancelling like terms we get: 
CH,COOH -+ 0H'= H,0 -+- CH,CO00’ 


This equation not only indicates the indirect participation of the 
acetic acid molecules in the reaction, but also shows that besides 
water molecules, a large amount of CH3C00’-ion was formed as a 
result of the reaction, there having been hardly any of these ions 
in the initial solution. 
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Since the neutralization of acetic acid (contrary to that of strong 
acids by strong bases) consists of two processes, namely, the ioniza- 
tion of acetic acid molecules and the formation of water molecules, 
the heat of neutralization equals 13.3 Cal. instead of 13.8 Cal. Ob- 
viously, 0.5 Cal. of heat is absorbed during the ionization of one 
mole of acetic acid. In other cases the absorption of heat during 
the ionization of a weak electrolyte may be even more considerable. 
For instance, during the neutralization of one mole of hypochlorous 
acid HClO by sodium hydroxide only 9.84 Cal. are evolved. 

The following general conclusion may be drawn from the above 
examples of ionic reactions: 

An obligatory condition for exchange reactions between electrolytes 
is the removal of ions of one kind or another from the solution as a 
result of the formation of slightly ionized substances, or practically 
insoluble substances which come out of solution as precipitates or gases. 
In other words, reactions in solutions of electrolytes always proceed in. 
the direction of the formation of the least ionized or least soluble 
substances. If no substances of this kind can form during the reaction, 
it will not take place. 

Special note should be made of reactions during which no insol- 
uble substances are formed but, on the contrary, an insoluble 
Substance dissolves under the action of a reagent of some kind. 

Consider, for example, the dissolving of cupric hydroxide by 
acids: 


Cu (OH), + 2HCL= CuCl, + 2H,0 


At first sight it may appear that this reaction contradicts the 
above generalization. However, there is no contradiction at all, 
as one of the conditions determining the direction of the reaction, 
namely, the formation of a slightly ionized compound (water) is 
fulfilled, this fact being the reason why the cupric hydroxide dissolves. 

To understand this process from the point of view of the ionization 
theory, it must first of all be taken into account that no substance 
is absolutely insoluble. Therefore, any liquid over a precipitate of 
an “insoluble” substance is a saturated solution of that substance. 
In the above case it is difficult to say whether the solution contains 
only Cu'- and OH'’-ion or unionized Cu(OH)s molecules as well, 
as the conditions of ionization of the hydroxides of heavy metals 
are not known well enough. The chances are that such hydroxides 
form molecular lattices, and therefore, when dissolved, go into solu- 
tion first as molecules, which then ionize to a greater or smaller 
degree. If this is the case, two interrelated equilibria should exist 
in saturated solutions of cupric hydroxide Cu(OH);: one equilibrium 
between the precipitate and the Cu(OH)z molecules which have 
passed into solution, and another between these molecules and the 
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ions they form: 


(1) (2) 
Cu(O0H), — Cu(O0H), ZZ Cu"+20H’ 
in precipitate in solution in solution 


When cupric hydroxide is subjected to the action of an acid the 
hydroxyl ions combine with the hydrogen ions of the acid to form 
unionized water molecules. Their disappearance immediately disturbs 
equilibrium (2), causing the ionization of new Cu(OH)z molecules, 
which in its turn disturbs equilibrium (1), making part of the pre- 
cipitate pass into solution. The hydroxyl-ion formed as a result of 
ionization again combines with hydrogen-ion and so on, until the 
entire precipitate passes into solution, provided there is enough 
acid to dissolve it completely. All this can be represented as follows: 


Cu (OH), = Cu (OH), = Cu 4+-20H'’ 
in precipitate in solution 


# 
2101 —> 200 +21 
2H,0 


‘The dissolving of precipitates of other insoluble electrolytes in 
water can be accounted for in a similar manner. 

In writing these reactions as ionic equations the electrolytes in 
precipitate should be represented as unionized substances on the 
same grounds as acetic acid was represented in the form of molecules, 
when considering its neutralization by sodium hydroxide. Therefore, 
the dissolving of cupric hydroxide in hydrochloric acid is expressed 
by the following ionic equation: 


Cu (0H); + 2H’ = Cu" + 2H,0 


Thus to dissolve a slightly soluble electrolyte, one of the ions sent into 
solution by that electrolyte must be bound.* This is achieved mostly 
by introducing into the solution ions which form a slightly ionized 
Substance with the ions of the electrolyte. 

99. Deriving Ionie Equations. The great majority of reactions 
we shall come across in studying the properties of the individual 
elements and their compounds, take place in solutions of electrolytes 
between their ions. Therefore, it is very important to master the 
technique of deriving ionic equations. 


* The same conclusion can be deduced in another way by making use of 
the solubility product AE (see § 95). Indeed, in a saturated solution of 
a Slightly soluble electrolyte the product of its ionic concentrations is a constant. 
In binding one of the ions of the electrolyte by adding other ions to the solution 
to form unionized molecules with it, we lower the product of ionic concentra- 
tions of the electrolyte; the solution becomes unsaturated and has to dissolve 
the precipitate in contact with it. 
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In the previous paragraph we considered in detail typical exam- 
ples of ionic reactions. On the basis of all that was said there about 
ionic equations, the following order of deriving them may be recom- 
mended: 

1. Write out the equation of the reaction in its molecular form. 

2. Rewrite the equation leaving the insoluble or slightly ionized 
substances in the molecular form, and writing all the rest of them 
as the ions into which they break up. 

3. Cancel the ions that do not take part in the reaction, i. e., that 
are found in equal numbers in the lett and right sides of the equation. 

To help remember these methods we shall consider two examples 
of deriving ionic equations. 


Example 1. Derive the ionic equation of the reaction between hydrogen 
sulphide (a weak acid) and copper sulphate; 


1) CuSO, + HS = }CuS 4+ H,S0, 4 
2) Cu- +S0; + HS = }CuS +2H° 4-50; 
3) Cu" +H,S= }CuS + 2H" 


Example 2. Derive the ionic equation of the reaction between lead hydroxide 
and hydrochloric acid: 


1) {Pb (0H), +-2HCL = JPbCl, +-2H,0 
2) JPb (0H), +2H +201 = }PbCl, +2H,0 


Nothing can be cancelled from the latter equation, as both H'-ion and Cl-ion 
participate in the reaction. 


With a little practice, ionic equations can be written out directly 
without going through the first and second stages. For this purpose 
we must have a clear idea of: a) the formation of which substance 
causes the reaction to proceed; b) whether the ions needed for its 
formation are already in solution or result in the course of the reac- 
tion from molecules of slightly ionized or slightly soluble substances. 
In this case it is more convenient to write the equation beginning 
with its second half, i. e., first of all to put down the formula of the 
resulting substance, then the ions or ions and molecules needed 
for its formation, and finally, the ions obtained as a result of the 
reaction. After this, the proper coefficients must be selected. 

‘To derive ionic equations, we must know which salts are soluble 
in water and which practically insoluble. Some general information 
On the solubility in water of the most important salts of the most 
common metals are given in Table 16. 
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Table 16 
Solubility of the Most Important Salts in Water 
Solubility of salts 
Acids 
HNO; All salts soluble 
HCl All salts soluble except AgCl, CuCl, PbCl, and Hg,Cl, 
H,SO, All salts soluble except BaSO,, SrSO, and PbSO, 
HCO; Of normal salts only sodium, potassium and ammonium 
salts soluble 
HPO, Ditto 
HS Ditto 
Metals 
Na and K Almost all salts soluble 


100. Ionization of Water. One of the least ionized substances formed 
in reactions between ions is water. Pure water is a very poor con- 
ductor of electricity but still has a certain measurable conductivity 
due to the slight ionization of water into hydrogen- and hydroxyl- 
ion: 

H,0 = H +0H’ 

The ionization of water will be readily understood, if it is taken into account 
that the bond between the hydrogen and oxygen atoms in water molecules 
is polar and similar in this respect to the bond between the hydrogen and halo- 
gen atoms in hydrogen halides. 


The mechanism of ionization is the same in both cases: 
ionization of hydrogen chloride: 


H,0 + H—Cl = H,0° 4+ CY 
ionization of water: 
H.0 + H——0—H = H,0°4- OH" 


The concentration of hydrogen-ion and hydroxyl-ion in water 
can be calculated from the electrical conductivity of pure water. 
It has been found to equal 107? gram-ions per litre. 

Applying the Law of Mass Action to the ionization of water, we 
may write: 

[H'IX[Om'] _ 
[H0] 


This equation may be rewritten as follows: 
[H°]-[OH']=[H0].K 


K 


19—3881 
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Since the degree of ionization of water is very low, the concentra- 
tion of unionized Hs20 molecules may be considered a constant value 
not only in water but in any dilute aqueous solution as well. There- 
fore, substituting the new constant Ky,o for [H20].K, we get: 


[H']-[OH"] = Kyo 


This equation shows that in the case of water and aqueous solutions 
the product of the hydrogen-ion and hydroxyl-ion concentrations is 
a constant value as long as the temperature remains unaltered. This 
constant is called the ion-product for water. Its numerical value can 
easily be obtained by substituting the concentrations of hydrogen-ion 
and hydroxyl-ion into the above equation 


Kio = 4107710711074 


Solutions in which the concentration of hydrogen- and hydroxyl-ion 
is the same and equals 107° gram-ions per litre each are called neutral 
solutions. In acid solutions the concentration of hydrogen-ion is 
higher, and in alkaline solutions the concentration of hydroxyl-ion 
is higher. But whatever the reaction of a solution, the product of the 
H:-ion and OH'‘-ion concentrations must remain constant. 

If, for instance, we add enough acid to pure water to raise the con- 
centration of hydrogen-ion to 1073, the concentration of hydroxyl- 
ion will have to decrease so that the product [H']-[OH'] remains 
equal to 10714, Hence, in this solution the concentration of hydroxyl- 
ion will be: 

{0H]= 0 =10-" 
ুৰ্ঠিড ই লা 
On the other hand, if an alkali is added to water, raising the con- 
centration of hydroxylLion, say, to 10785, the concentration of hy- 
drogen-ion will become: 


101. The Hydrogen-Ion Index. It can be seen from the examples 
given in the previous paragraph that if we indicate the concentration 
of hydrogen-ion in any solution, the concentration of hydroxyl-ion 
can be calculated. Therefore, both the degree of acidity and the degree 
of alkalinity of a solution can be characterized quantitatively by 
the concentration of hydrogen-ion: 


neutral solution [H‘]J=107° 
acid solution [H']>107? (for example 1078, 10724) 
alkaline solution [HJ<107? (for example 1078, 1071) 


At present this method of expressing the acidity or alkalinity of a 
Solution has given place to another still more simple and convenient 
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method: instead of indicating the true hydrogen-ion concentration, 
we indicate the logarithm of the latter with its sign reversed. This 
value is called the hydrogen-ion indez and is designated pH: 


PH=~— log [H'] 


For instance, it [H]=107s, then pH=5; if IETS TOS EEO 
PH=9, etc. Hence, obviously, in neutral solution pH=7. In acid 
solutions PH<T7, and the more acid the solution, the smaller it is. 
On the other hand, in alkaline solutions, pH >7 and the higher the 
alkalinity, the larger it is. 

These relationships are shown graphically by the following dia- 
gram: 


pH 


10° 10-4 10-7 10-14 


reaction acid — neutral — alkaline 


There are various methods of measuring pH values. Qualitatively 
the reaction of a solution can be determined by means of special 
reagents called indicators, which change colour depending on the 
concentration of hydrogen-ion. 4 

The most widely used indicators are litmus, phenolphthalein and 
methyl orange. Their colours in acid, alkaline and neutral solution 
are as follows: 


Reaction of solution 


Indicator 


acid neutral alkaline 
Litmus alti Ete PAG Red Violet Blue 
Phenolphthalein . Colourless Colourless Red 
Methyl orange . . . . , . Red Orange Yellow 


The hydrogen-ion concentration is of great importance in very 
many cases. It has to be taken into account not only in chemical 
investigations, but also in a great variety of industrial processes, 
as well as in the study of phenomena taking place in live organisms. 
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102. Hydrolysis of Salts. The ionization of water into hydrogen- 
and hydroxyl-ion accounts for a very important phenomenon, called 
hydrolysis of salts. 

Hydrolysis* is, in general, any interaction between a substance and 
water, in which the constituent parts of the substance combine with 
the composite parts of water. For example, phosphorus trichloride 
PCl; reacts with water to form phosphorous acid H3POs and hydro- 
chloric acid: 

PCl, +3H,0 = H:PO; + 3HCl 


In practice we especially often have to do with the hydrolysis of 
salts. 

Salts, as we know, can be obtained by the neutralization of acids 
by bases. It is natural to assume, therefore, that solutions, at least 
of normal salts, i. e., those which are products of complete displace- 
ment of hydrogen in acids by metals, must react neutral. However, 
this assumption holds only with respect to salts formed from strong 
acids and strong bases. Salts obtained from weak acids and strong 
bases, or, vice versa, from strong acids and weak bases, do not react 
neutral when dissolved in water. For instance, a solution of ferric 
chloride FeCl reacts acid, indicating, as we know, the presence of 
hydrogen-ion (oxonium-ion); a solution of sodium hypochlorite 
NaClO reacts alkaline, which is characteristic of hydroxyl-ion; 
a Solution of potassium cyanide KCN (a salt of weak cyanic acid, 
HCN) also has an alkaline reaction, etc. 

The ionization theory attributes these phenomena to the interac- 
tion of water ions with the ions of the dissolved salts, resulting in 
the formation of an excess of hydrogen- or hydroxyl-ion. Although 
the concentration of hydrogen-ion and hydroxyl-ion in water is 
very low, these ions are in equilibrium with an immense number of 
unionized water molecules. When one of them is bound by the 
ions of the salt, the equilibrium is disturbed, causing new water 
molecules to ionize, which may lead to an accumulation of consider- 
able quantities of the other ion in solution, making the solution 
react acid or alkaline. 

Any reaction between the ions of a salt and the ions of water, usually 
accompanied by a change in the concentration of the latter is called 
hydrolysis of the salt. 

The chief cause of hydrolysis is the formation of slightly ionized 
Substances (molecules or ions). 

Hydrolysis may proceed differently, depending on the strength 
of the acid and base which went to form the salt. 

Some of the most typical cases of hydrolysis are considered below. 


* The word “hydrolysis” means literally “decomposition by water”, 
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First case. Salt of weak acid and strong base. Example—sodium 
acetate NaCH3COO. When dissolved in water, sodium acetate, like 
all typical salts, ionizes completely into Na -ion and CH 3CO0O0’-ion. 
Theoretically these ions could combine with the ions of water to form 
equivalent quantities of sodium hydroxide and acetic acid; but since 
sodium hydroxide is a strong base, sodium-ion does not combine 
with the hydroxyl-ion of water. 

On the other hand, acetic acid is a very weak acid and therefore, 
when CH 3CO00'-ion encounters the hydrogen-ion of water in solution, 
it immediately begins to combine with it to form CH3COOH mole- 
cules. The decrease in the quantity of hydrogen-ion in solution 
disturbs the equilibrium between the molecules of water and its 
ions, causing further ionization of the water; fresh quantities of 
hydrogen-ion form, which in their turn, combine with CH 3CO00’-ion 
into CH3COOH molecules, etc.; at the same time, the amount of 
hydroxyl-ion in solution increases. 

However, the reaction does not go very far in this direction. Since 
the ion-product for water [H']-[OH']=10714 is a constant, the 
concentration of hydrogen-ion decreases as hydroxyl-ion accumulates, 
and is soon so low thatit can no longer be bound. Then new equilib- 
ria are established between the water molecules and their ions, on 
the one hand, and between the CH3COOH molecules and the H'- 
and CHs3C00‘-ions, on the other, after which the accumulation of 
hydroxyl-ion ceases. 

Thus, when sodium acetate interacts with water, the following 
reaction takes place: 


CH,COO' + H,0 = CH,COOH + 0H" 
or in the molecular form 


NaCH,COO 4- H,0 = CH,COOH + NaOH 


Although the equilibrium of this reaction is greatly displaced to 
the left, the ionic equation shows that the reaction gives rise to a 
certain excess of hydroxyl-ion in the solution, so that a solution of 
NaCH3COO reacts alkaline. 

The reaction described involves hydrolysis of the salt of a weak 
unibasic acid. When salts formed by weak polybasic acids hydrolyze, 
the result is usually not the free acids, but acid salts or, more pre- 
cisely, acid salt anions. For instance, if soda NasC0s3 is dissolved 
in water the CO3 -ion, like the CH3COO’-ion, combines with the 
hydrogen-ion of the water; however, the result is not molecules of 
weak carbonic acid H2C03, but HCOs'-ion. The formation of pre- 
dominantly HCO s'-ion is due to the fact that it ionizes much less 
readily than Hs2C0s3 molecules (see p. 265). 
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The hydrolysis takes place according to the equation 
CO; + H,0 = HCO; + 0H’ 
Or, in the molecular form 
Na,CO, + H,0 — NaHCO, + NaOH 


As a result of this reaction, as in the hydrolysis of sodium acetate, 
an. excess of hydroxyl-ion appears in the solution; therefore a so- 
lution of soda also reacts alkaline. 

Second case. Salt of strong acid and weak base. This case is analogous 
to the previous one, with the sole difference that here the cations 
of the salt combine with the hydroxyl-ion of water, while the anions 
remain free. The hydrolysis product is usually a basic salt or basic 
salt cations. For instance, when cupric chloride CuCl, a salt of the 
weak base Cu(OH) and hydrochloric acid, dissolves in water, the 
Cu---ion, combining with hydroxyl-ion, may form either Cu(OH); 
molecules or CuOH-:-ion. Since the latter ionizes less readily than 
Cu(OH)2 molecules, it predominates among the hydrolysis products 
of CuCl. 

The reaction that takes place is represented by the equation 

CuCl, +H,0 = CuOHCI + HCl 


basic 
salt 


Or, in the ionic form 
Cu" + H,0 2 CuO0H'+ H° 


Since this reaction gives rise to an excess of hydrogen-ion, solu- 
tions of salts of strong acids and weak bases react acid. 

Third case. Salt of weak acid and weak base. In this case both the 
anion and the cation of the salt react with the water. The hydrolysis 
products are a weak acid and a basic salt or basic salt cations. For 
instance, when aluminium acetate AI(CH3CO00); is dissolved in 
water, the following reactions ensue: 


CH,COO’ + H.0 = CH,COOH + OH" 
AI" +H,0 2 AIOH" +H 
AlOH™ + H,0 = Al(OH), +H 


Thus, the hydrolysis of Al (CH 3COO)s results in CH3COOH mole- 
cules, AIOH'‘-ion and Al(OH); -ion or, in other words, acetic acid 
and the basic salts AIOH(CHs3COO)2 and AI(OH)sCHs3COO0. 

As to the reaction of solutions of such salts, it depends on the 
relative strength of the acids and bases the salts result from and 
may be neutral, slightly acid or slightly basic. 

If the acid and base formed are very weak, and volatile or very 
slightly soluble besides, hydrolysis may be complete, i. e., the salt 


N 
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may decompose entirely. This happens, for instance, when alumi- 
nium sulphide AlsSs3 reacts with water: 


Al,S, +-6H,0 = 2AI(OH);, + 3H,St 


Now let us see whether hydrolysis will occur if the salt is of a 
strong acid and a strong base. By way of example, let us take sodium 
chloride as a typical salt of this kind. When it dissolves in water, 
this salt ionizes into sodium-ion and chloride-ion. Sodium-ion, as 
indicated above, will not combine with the hydroxyl-ion of water. 
Nor will chloride-ion combine with hydrogen-ion, because HCl is 
completely ionized; therefore, the concentrations of hydrogen-ion 
and hydroxyl-ion in the solution will remain the same as in pure 
water, and the NaC] solution will be neutral. 

Thus, salts of strong acids and strong bases do not hydrolyze. In all 
other cases hydrolysis occurs. 

It can be seen from the above equations that hydrolysis is the 
reverse of neutralization. This means that when solutions containing 
equivalent amounts of acids and bases are mixed, the reaction is 
complete only if both interacting substances are strong electrolytes. 
Tf the acid or the base is weak, there will always be a certain amount 
of unionized acid or basic molecules left in the solution after mixing, 
So that the solution will not react neutral. 

The degree of hydrolysis, i. e., the ratio between the quantity of 
salt hydrolyzed and the total quantity of salt dissolved is different 
for different salts, and depends on the chemical nature of the acid and 
salt formed by hydrolysis, viz., the weaker the acid or the base, the 
higher the degree of hydrolysis. 

For instance, the degrees of hydrolysis for the following salts in 
0.1 N solution are: 


Sodium acetate NaCH,COO . . 0.008 Dp. c. 
Borat Nab OF 44s, ara: 5, avalos ae al 0.9.7 0: 
Potassium cyanide KON . . . eee 1.2 Dp. c. 
SPAS NAOO ope os pe. snes or 398 «+ 2.9p.c. 


The degree of hydrolysis of most salts of strong acids and weak 
bases is very low. Therefore, the basic salts produced when they 
hydrolyze, though practically insoluble in water, nevertheless, 
usually remain in solution due to their insignificant concentration. 

Like any other reversible reaction, hydrolysis obeys the Law of 
Mass Action. Therefore, addition of water to the salt solution or 
removal of one of the hydrolysis products causes a shift of equilibrium 
towards the formation of an acid and a base. Heating acts in the same 
direction, because the degree of ionization of water, i. e., the concen- 
tration of H:- and OH'-ion increases greatly upon heating. On the 
contrary, addition of an acid or a base to the solution shifts the 
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equilibrium in the reverse direction. For instance, at ordinary tem- 
peratures ferric chloride FeCl hydrolyzes according to the equation 
Fe +H,0  FeOH" +H’ 


If the solution is heated, hydrolysis is enhanced, resulting in more 
Fe*---ion reacting with the water and, at the same time,. in the 
formation of Fe(OH)s:-ion or even Fe(OH) molecules alongside 
of FeOH:‘-ion, according to the equations: 

Fe-- 1-2H,0 = Fe (0H), + 2H 
Fe“ + 3H,0 2: {Fe (0H), + 3H 


Addition of an acid dissolves the precipitate or decreases the 
content of Fe(OH), -ion in the solution. 


CHAPTER XIII 


Air. The Inert Gases 


103. Composition of the Atmosphere. The atmosphere is a mixture 
of many gaseous substances. Besides oxygen and nitrogen, which 
constitute its bulk, air contains carbon dioxide, water vapour, and 
small quantities of the noble or inert gases, discovered in the late 
XIX century. In addition to the gases enumerated, air contains more 
or less dust and certain chance admixtures. Oxygen, nitrogen and the 
inert gases are considered the constant constituent parts of air, as 
their content in air is practically the same everywhere. On the con- 
trary, the content of carbon dioxide, water vapour and dust may 
vary depending on various conditions. 

Carbon diozide forms in nature as a result of the combustion of 
wood and coal, the respiration of animals, decay, etc. Especially 
large quantities of this gas are discharged into the atmosphere at 
large industrial centres by factories and plants, which burn immense 
quantities of fuel. In some parts of the globe carbon dioxide is dis- 
charged into the air as a result of volcanic action and from under- 
ground springs. 

Despite thecontinuous addition of carbon dioxide to the atmosphere, 
its content in air is quite constant, constituting an average of 
about 0.03 per cent (by volume). This is due to the absorption of 
carbon dioxide by plants, as well as its relatively high solubility 
in water. 

The water vapour content in the air may vary over a wide range, 
from several per cent to fractions of one per cent, and depends both 
on local conditions and on the temperature. The higher the tempera- 
lure, the more vapour can be contained in the air; that is why the 
moisture content in the air is lower in winter than in summer. 

The dust in the air consists mainly of minute particles of the miner- 
al substances constituting the earth’s crust, coal particles, plant 
pollen, as well as various bacteria. The amount of dust in the air 
varies greatly: it is lower in winter and higher in summer. After a 
rain shower the air becomes purer because the rain-drops carry the 
dust and bacteria down with them. 

Finally, other chance impurities in air are such substances as 
hydrogen sulphide and ammonia, given off during the decay of 


298 Chapter XIII. Air. The Inert Gases 


organic remains; sulphur dioxide, produced when sulphide ores are 
roasted or by the combustion of coal containing sulphur; nitrogen 
oxides, formed by electrical discharges in the atmosphere, etc. These 
impurities are usually present in insignificant quantities and are 
continually removed from the air by rain water, which dissolves 
them. 

If only the constant component parts of air are taken into account, 
its composition can be expressed by the following figures: 


Percentage content 
by volume by weight 


NN Ei SECA Be 78.16 75.5 
OXygen ies ea ene 20.9 23.2 
Inert, gases; a, sc sceinte 0.94 4,3 


104. Physical Properties of Air. Pure air, free from dust, carbon 
dioxide and water vapour, is absolutely colourless and has neither 
taste nor odour. One litre of pure air weighs 1.293 gr. at 0°C and 
760 mm. Hg. At temperatures below —140° and a pressure of about 
40 atm. air condenses into a colourless liquid boiling at about —190°C. 

The production of liquid air presents no extraordinary difficulties 
at present. There are many machines of various types for this purpose. 
The operating principle of most of them depends on the considerable 
temperature drop caused by the expansion of air under pressure (about 
0.25° for each atmosphere of pressure lost). Thus, if air is compressed 
to 200 atm. and then expanded rapidly to 1 atm., its temperature 
will go down 50°. This temperature drop is used to preliminarily 
cool a second batch of compressed air. When the cooled compressed 
air is expanded it gets still colder. By repeating this operation 
several times, a temperature can be reached at which the air begins 
to condense into a liquid. 


A diagram of one of the machines used for the liquefaction of air is shown 
in Fig. 78 The compressor 1, by means of a piston, compresses the air entering 
the machine through valve 2, to 200 atm. The heat liberated during compression 
is removed in cooler 8, by running water. From the cooler the compressed air 
enters a coil 4 enclosed in an insulated chamber 5 and consisting of two very 
long spiral tubes, one inside the other. The air passes through the inner tube of 
the coil, down to valve 6 which opens for an instant, letting the air into chamber 
7, where it expands and is thus greatly cooled. 

After cooling in this way, the air is returned to the compressor through the 
outer tube 8 of the coil, cooling the incoming compressed air as it runs counter- 
current to it. When valve 6 is opened a second time, the air that enters chamber 7 
has already been preliminarily cooled by the previous portion of air. As a re- 
sult, its temperature after expansion will be lower than the temperature of the 
previous portion, and it, in its turn, will cool the next batch still more. When 
ie a gets cold enough, it begins to liquefy in the inner tube and drips into 
chamber 7. 
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The liquid air obtained directly from the machine is usually 
turbid, due to the presence of suspended particles of carbonic anhy- 
dride, ice and other impurities, which can easily be removed by 
filtering through a paper filter. 

In spite of its very low boiling point (about —190°C at ordinary 
pressure) liquid air can be kept for a considerable length of time in 
glass vessels with double walls, between which the air has been 
pumped out (Fig. 79). The “void” between the walls effectively 
prevents the liquid in the 
vessel from getting warmer, 
s0 that it evaporates very 
slowly. To further reduce the 


Fig. 78. Diagram of machine for Fig. 79. Liquid air 
production of liquid air: receivers 
1— compressor; 2—air valve; 3— cooler; 
4—coil; 5—chamber; 6 -— air valve; 
7— expansion chamber; 8—outer tube 
of coil 


influx of heat from the outside, the walls of such vessels 
are silvered on the inside. 

Alcohol, ether and many gases are readily solidified in liquid air. 
If, for instance, carbon dioxide is passed through liquid air, it forms 
white flakes resembling snow. Mercury immersed in liquid air turns 
into a solid malleable metal. 

When cooled in liquid air, many substances acquire entirely new 
properties. Zinc and tin become so brittle that they can easily be 
pulverized, a lead bell begins to emit a pure ringing sound, while 
a frozen rubber ball breaks into small fragments if dropped on the 
floor. 

As the boiling point of oxygen (183° C) is higher than that of 
nitrogen (—196°C), oxygen liquefies more readily than nitrogen. 
Therefore, liquid air is much richer in oxygen than atmospheric.* 


* The approximate composition of liquid air is: oxygen 54 per cent, nitrogen 
44 per cent and inert gases 2 per cent. 
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Upon standing liquid air becomes even richer in oxygen due to the 
evaporation of nitrogen. 

A glowing splint immersed in liquid air flashes out brightly, like in 
pure oxygen; a red-hot steel pen nib burns in it, emitting a blinding 
light. 

In our days liquid air is produced in large quantities to obtain 
oxygen and nitrogen from it by fractional evaporation. 

105. The Inert Gases. Up to the end of last century it was thought 
that air consisted only of oxygen and nitrogen. But in 1894 the 
English physicist Rayleigh noticed that the specific gravity of 
nitrogen produced from air is always a little higher than that of 
pure nitrogen produced from its compounds. Whereas a litre of the 
former weighs 1.2572 gr., a litre of the latter weighs 1.2505 gr. 
Rayleigh’s discovery drew the interest of Ramsay, a professor of 
chemistry, who suggested that the difference in weight might be due 
to the presence of some heavier gas in the nitrogen. Both scientists 
undertook a study of atmospheric nitrogen. In order to isolate the 
hypothetical gas from it, Ramsay made use of the ability of nitrogen 
to combine with magnesium, when heated, to form magnesium 
nitride MgsNs2. After passing atmospheric nitrogen repeatedly 
through a tube containing red-hot magnesium, Ramsay obtained a 
small residue of a heavy gas that would not combine with this 
metal. Rayleigh used a different method: he passed electric sparks 
through a mixture of nitrogen and oxygen, whereupon the nitrogen 
combined with the oxygen to form nitric oxide NO, which then 
changed further into nitrogen dioxide NO;; the latter was absorbed 
by a solution of alkali. As a result, Rayleigh also isolated from 
atmospheric nitrogen a small quantity of gas which would not 
combine with oxygen under the action of electric sparks. In this 
way, a new, hitherto unknown, gas was discovered in air, and it 
was named argon. 

Argon Ar is a colourless gas almost one and. a half times as heavy 
as air: one litre of it weighs 1.7809 gr. at S.T.P. Argon is a chemical 
element having an atomic weight of 39.944. From a chemical stand- 
point, argon is absolutely passive, whence its name (argon is the 
Greek for inactive). It does not combine with a single element under 
any conditions. 

After argon, four more gaseous elements contained in air in in- 
significant quantities were discovered: helium He, neon Ne, krypton 
Kr and xenon Xe. Together with argon they are known as the inert 
gases, since, like argon, they are distinguished by their inability to 
react with other elements. Another peculiarity of the inert gases, 
related to this, is the fact that their molecules consist of only one 
atom each; in other words, their atoms are not combined into mole- 
cules. 
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Besides the above elements, the inert gases include the element 
radon Rn, discovered in the study of radioactive transformations 
and sometimes called also emanation or niton. Its content in atmo- 
spheric air is evidently insignificant. 

The inert gases are the elements ending each period in the Men- 
deleyev Table; all together, they form the zero group of the Periodic 
System. With the exception of helium, they all have eight electrons 
in their outer electron layer, forming a very stable system. The 
outer layer of helium is just as stable. though it consists of only 
two electrons. For this reason the atoms of the inert gases tend 
neither to lose nor to gain electrons. 


Inert Gases 

Element Symbol ERLE SES Arrangement of electrons in layers 
Helium . . . | He 4.003 2 2 
Neon eee Ne 20.1893 10 2 8 
Argon... An 39.944 18 2 lon) 8 
Krypton .-. .| Kr 83.80 36 2 8 18 8 
Xenon =a tte Xe | 131,59 5d 2 8 18 | 18 8 
Radon .. | Rn | 222 86 2 8 18 | 32.18 8 


The inert gases do not combine with any of the elements and for 
that reason their atomic weights could not be determined by the 
usual methods described in § 22. To find their atomic weights a 
purely physical method was employed, based on determining the 
ratio between the specific heat of the gas at constant pressure to 
its specific heat at constant volume. The value of this ratio gives 
an idea of the number of atoms in the molecule of a gas. In this way 
it was established that the molecules of the inert gases consist of 
one atom each, and hence their molecular weights equal their atomic 
weights. 

The physical properties of the inert gases and their content in 
air are characterized by the information in Table 17. These data 
show that the lower the atomic weight or atomic number of the 
inert gas. the lower its melting and boiling points: helium has the 
lowest boiling point and radon the highest. 

Separation of the inert gases from one another is based on the 
difference of their boiling points. 


ww 
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Table 17 
Physical Properties of the Inert Gases 
0 Helium Neon Argon Krypton Xenon Radon 
Properties He Ne Ar Kr Xe nm 
| ji; 
Weight of one litre | 
of gas, BRIE = 504 0.18 0.90 1.18 3.74 5.89] 9.73 
Melting point, deg- 
MEESO 04 TAhs Lek 1 272.2 248.6 189.4 | 157 111.5 Ti 
Boiling point, deg- 
E665. C2 RU Le 268.9 245.9 185.8 152.9 108 61.8 
Approximate con- ' 
tent in 1,000 volumes 
DL AEM eT Tn | 0.0046 0.016 9.323 0.001 | 0.00008 | — 
| | 


Although the inert gases do not react with the other elements, the molecules 
of some of the inert gases may unite with water molecules at low temperatures 
to form unstable compounds of the hydrate type containing six molecules 
of water each. The formation of these hydrates is due to the fact that the non- 
Polar molecules of the inert gases are polarized in the electric field of the highly 


Polar water molecules; this gives rise to induced dipoles in the inert gas mole- 
cules, as a result of which Wey are attracted by the water molecules. 

‘The higher the atomic weight of an inert gas, the more stable its hydrate. 
‘The most stable hydrate is that of xenon, but even it can exist at 0° C only un- 
So pressure (1.45 atm.). No hydrates of helium or neon have been obtained at 
all. 


Comparatively stable molecular compounds of the heavy inert gases have 
also been obtained with certain organic substances such as phenol, toluene, etc. 


‘The most interesting of the inert gases is helium. The history 
of its discovery is a striking example of the might of science. Helium 
was first discovered in 1868 by the French astronomer J. Janssen 
and the English astronomer N. Lockyer when studying the spectra 
of the atmosphere and solar prominences. A bright yellow line was 
detected in these spectra which had not been observed before in 
the spectra of the elements known at that time on the earth. The 
presence of this line was attributed to the existence of a new element 
on the sun, unknown on the earth, and called helium* after the sun. 
About thirty years later, upon heating a rare mineral, cleveite, 
W. Ramsay, the English chemist, obtained a gas which he found to 
be identical with the helium discovered on the sun. Thus, helium 
had been discovered on the sun long before it was found on the earth. 

Helium is the lightest of all gases except hydrogen. It is more 
than seven times as light as air. 


* From the Greek “helios” (the sun). 
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For a long time helium was the only gas which could not be lique- 
fied. Finally, in 1908, helium was compressed into a liquid which 
was found to boil at —268.9°C. By evaporating liquid helium, the 
lowest temperature (known on the earth) was obtained, only a few 
tenths of a degree above absolute zero. In 1926 helium was solidified 
for the first time. Solid helium is a transparent substance with a 
melting point of —272.2°C under a pressure of 26 atm. 

On the earth helium is found not only in the atmosphere. Consider- 
able quantities are evolved at certain points of the earth from its 
depths, together with the so-called “natural gases” (a mixture of 
various combustible gases). The waters of many mineral springs also 
evolve helium. 

Owing to its lightness and inertness helium is used instead of 
hydrogen to inflate observation balloons. Although it is twice as 
heavy as hydrogen, its buoyant effect is only eight per cent less 
than that of hydrogen. The great advantage of helium over hydrogen 
is its non-flammability. Therefore, substitution of helium for hy- 
drogen eliminates all danger of fire or explosion. The only obstacle 
to the wide use of helium in aeronautics is the difficulty of its pro- 
duction. 

Another very important use of helium is in deep-sea work. Divers 
supplied with artificial air in which the nitrogen has been replaced 
by helium, can stay under water much longer and suffer much less 
from the morbid phenomena due to the change in pressure when 
rising to the surface. 

Liquid helium is used to obtain very low temperatures. 

The inert gases have found wide application in electrical engineer- 
ing. Owing to its inactivity and insignificant thermal conductivity, 
argon is used in mixture with nitrogen to fill electric light bulbs. 
Argon is also used to fill tubes for illumination signs; such tubes emit 
a blue light. Neon is used to fill tubes for signs when a bright orange- 
red light is required. Neon tubes are used, besides, in electrical 
engineering as rectifiers and for other purposes. Krypton and xenon 
have a still lower thermal conductivity than argon, and therefore 
electric light bulbs filled with these gases have a longer life and are 
more economical than bulbs filled with nitrogen or argon. 
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Table 17 
Physical Properties of the Inert Gases 
Helium Neon Argon Krypton Xenon Radon 
Properties | He Ne Ar Kr Xe Rn 
| T 
Weight of one litre | | 
Ob: Bu8,,g0ilz7 “dst 6 | 0.18 0.90 1.78 3.74 5.89] 9.73 
Melting point, deg- | | 
EOE Cc 7a, aS, nce. Ak 1 =—272.2 248.6 189.4 157 111.5 71 
Boiling point, deg- 
PRON. Ct as cates — 268.9 | —245.9 | 185.8 192.9 108 61.8 
Approximate  con- 
tent in 1,000 volumes | 
DBI NR 2 0.0046 0.016 9.323 0.001 0.00008 -- 
| 


Although the inert gases do not react with the other elements, the molecules 
of some of the inert gases may unite with water molecules at low tem peratures 
to form unstable compounds of the hydrate type containing six molecules 
of water each. The formation of these hydrates is due to the fact that the non- 
polar molecules of the inert gases are polarized in the electric field of the highly 


polar water molecules; this gives rise to induced dipoles in the inert gas mole- 
cules, as a result of which thes are attracted by the water molecules. 

The higher the atomic weight of an inert gas, the more stable its hydrate. 
The most stable hydrate is that of xenon, but even it can exist at 0° C only un- 
7 pressure (1.45 atm.). No hydrates of helium or neon have been obtained at 
all, 


Comparatively stable molecular compounds of the heavy inert gases have 
also been obtained with certain organic substances such as phenol, toluene, etc. 


The most interesting of the inert gases is helium. The history 
of its discovery is a striking example of the might of science. Helium 
was first discovered in 1868 by the French astronomer J. Janssen 
and the English astronomer N. Lockyer when studying the spectra 
of the atmosphere and solar prominences. A bright yellow line was 
detected in these spectra which had not been observed before in 
the spectra of the elements known at that time on the earth. The 
presence of this line was attributed to the existence of a new element 
on the sun, unknown on the earth, and called helium* after the sun. 
About thirty years later, upon heating a rare mineral, cleveite, 
W. Ramsay, the English chemist, obtained a gas which he found to 
be identical with the helium discovered on the sun. Thus, helium 
had been discovered on the sun long before it was found on the earth. 

Helium is the lightest of all gases except hydrogen. It is more 
than seven times as light as air. 


* From the Greek “helios” (the sun). 
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For a long time helium was the only gas which could not be lique- 
fied. Finally, in 1908, helium was compressed into a liquid which 
was found to boil at —268.9°C. By evaporating liquid helium, the 
lowest temperature (known on the earth) was obtained, only a few 
tenths of a degree above absolute zero. In 1926 helium was solidified 
for the first time. Solid helium is a transparent substance with a 
melting point of —272.2°C under a pressure of 26 atm. 

On the earth helium is found not only in the atmosphere. Consider- 
able quantities are evolved at certain points of the earth from its 
depths, together with the so-called “natural gases” (a mixture of 
various combustible gases). The waters of many mineral springs also 
evolve helium. 

Owing to its lightness and inertness helium is used instead otf 
hydrogen to inflate observation balloons. Although it is twice as 
heavy as hydrogen, its buoyant effect is only eight per cent less 
than that of hydrogen. The great advantage of helium over hydrogen 
is its non-flammability. Therefore, substitution of helium for hy- 
drogen eliminates all danger of fire or explosion. The only obstacle 
to the wide use of helium in aeronautics is the difficulty of its pro- 
duction. 

Another very important use of helium is in deep-sea work. Divers 
supplied with artificial air in which the nitrogen has been replaced 
by helium, can stay under water much longer and suffer much less 
from the morbid phenomena due to the change in pressure when 
rising to the surface. 

Liquid helium is used to obtain very low temperatures. 

The inert gases have found wide application in electrical engineer- 
ing. Owing to its inactivity and insignificant thermal conductivity, 
argon is used in mixture with nitrogen to fill electric light bulbs. 
Argon is also used to fill tubes for illumination signs; such tubes emit 
a blue light. Neon is used to fill tubes for signs when a bright orange- 
red light is required. Neon tubes are used, besides, in electrical 
engineering as rectifiers and for other purposes. Krypton and xenon 
have a still lower thermal conductivity than argon, and therefore 
electric light bulbs filled with these gases have a longer life and are 
more economical than bulbs filled with nitrogen or argon. 


CHAPTER XIV 


The Halogens 


Element Symbol EEE De Arrangement of electrons in layers 
Fluorine .. . F 19.00 | 9 2 
Chlorine . .. Cl 39.457 17 2 8 7 
Bromine . .. Br 79.96 Ey) 2 8 18 ঁ 
TORE ts eet « I 126.91 53 2 8 18 18 7 


106. General Features of the Halogens. Halogens is the name given 
to the elements fluorine, chlorine, bromine and iodine located in the 
seventh group of the Periodic Table and forming its main subgroup.* 
These elements received their name, which means literally “salt- 
forming,” due to their ability to combine directly with the metals, 
forming typical salts, such as NaCl. 

The atoms of the halogens have seven electrons in their outer 
layer. Therefore, they gain one electron very readily, passing into 
negative univalentiions, which characterizes them as typical non- 
metals (see § 56). Thus, the negative valency of the halogens is 1. 
The halogens may manifest positive valency as well, their maximum 
possible positive valency, evidently, being seven. However, the only 
halogens known at present to form compounds with such a valency 
are chlorine and iodine. The highest valency of bromine is 5, while 
fluorine possesses only negative valency. 

Compounds in which the halogens are positively valent (their 
oxygen compounds) are generally less stable than those in which 
they are negatively valent and are almost unknown in nature. 

The identical structure of the outermost electron layers of the 
halogens accounts for their great similarity, manifested both in their 
chemical behaviour and in the types and properties of the compounds 
they form. But, for all this similarity, there are also qualitative 
differences | between them. To bring out these differences more 


.* This subgroup includes also the element astatine, No. 85, produced arti- 
ficially. 
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vividly, we shall discuss the halogens all together, rather than sepa- 
rately. 

107. The Halogens in Nature. Owing to their very high chemical 
activity, the halogens are found in nature only as compounds, mainly 
as salts of the hydrohalic acids. 

Fluorine occurs in nature mostly as the mineral fluorspar* CaF, 
So named because it is added sometimes to iron ores to form fusible 
slags when smelting pig iron. Considerable quantities of fluorine are 
contained also in the rather widespread phosphorus minerals, phos- 
phorite and especially apatite. 

The most important natural compound of chlorine is common salt, 
table salt or sodium chloride, which is the chief raw material for the 
production of other chlorine compounds. Most of the salt on the 
earth is dissolved in the waters of the seas and oceans, where its 
content fluctuates around 3.5 per cent. The waters of many lakes 
and springs also contain considerable quantities of common salt in 
Solution. In some lakes which have no outlets, the quantity of salt 
approaches the saturation limit (about 26 per cent), and the salt 
precipitates out of the water of these lakes and deposits at the bottom. 
Such, for instance, are the lakes Elton and Baskunchak in the lower 
reaches of the Volga, where the salt deposited at the bottom is 
extracted as “lake-salt”. 

Salt occurs also in the solid form, as thick seams of what is known 
as rock salt at certain points of the earth’s crust. Very pure rock salt 
is mined in the U.S.S.R. in the Donets Basin and in the South Urals 
near Orenburg where the seams are sometimes over 100 metres thick. 
There are also deposits of rock salt in Transcaucasia, in Kazakhstan, 
Siberia and other places. 

Other chlorine compounds besides common salt also occur in large 
quantities in nature; such are potassium chloride, as the minerals 
sylvite KCl and carnallite KCl.MgCls-6Hs0, magnesium chloride, 
contained in sea water and accounting for its bitter taste, etc. 

Like chlorine, bromine occurs in nature mainly in the form of 
compounds with potassium, sodium and magnesium. Bromine com- 
pounds usually occur together with those of chlorine, but in much 
smaller quantities. Metal bromides are contained in sea water and 
in the water of certain lakes. In the U.S.S.R. especially large quanti- 
ties of bromine are contained in the salt lakes of the Crimea and in 
the waters of the Kara-Bogaz-Gol Bay in the Caspian Sea. 

Sea water contains iodine compounds also, but in such minute 
quantities that it is impossible to separate them out directly from 
the water. However, there are certain seaweeds which are capable 
of extracting iodine from sea water and accumulating it in their 


* From the Latin fluere—to flow.—Tr. 
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tissues. Especially large quantities of such seaweeds are found on 
the coasts of Normandy, Bretagne and Scotland; they grow also 
in the Black Sea and along the Far Eastern coast of the U.S.5S.Rk. 
The ashes of these seaweeds are found to contain iodine as salts 
of hydroiodic acid HI and are the principal source of iodine in 
Burope. 

Considerable quantities of iodine (from 10 to 100 mgr. of Is per 
litre) are found in the waters of wells drilled in oil-bearing 
regions. 

The total content of halogens in the earth’s crust is very small. 
For chlorine it is 0.188, for fluorine 0.027, for bromine 0.0006 and for 
iodine 0.000006 per cent by weight. 

108. Physical Properties of the Halogens. © Fluorine is a gas at 
ordinary conditions with a pale greenish-yellow colour in thick 
layers. When greatly cooled, fluorine turns into a liquid which 
solidifies at —218°C. 

Chlorine is a yellowish-green gas about two and a half times as 
heavy as air: one litre of chlorine at S.T.P. weighs 3.21 gr. Under 
a pressure of about 6 atm. chlorine turns into a liquid at ordinary 
temperatures. Liquid chlorine is usually stored and transported in 
steel cylinders or in special cisterns. 

Bromine is a heavy, dark-brown liquid with a specific gravity 
of 3.12. It evaporates very readily forming reddish-brown vapours. 
Bromine may cause serious burns if it comes into contact with the 
skin. 

Todine is a solid, forming dark grey crystals with a slightly metallic 
lustre. The specific gravity of iodine is 4.93. When heated slowly 
at ordinary pressure iodine sublimates, i. e., turns into vapour without 
melting. Its vapours are of a violet colour; when cooled, the iodine 
vapours pass back into the solid state without going through the 
liquid phase. But if iodine is heated rapidly, especially under ‘high 
pressure, it melts at 119°C. 

All the halogens possess a very pungent odour. Inhalation of even 
very small quantities of the halogens causes serious irritation of 
the respiratory ducts and inflammation of the mucous membranes 
of the throat and nose. More considerable quantities of the halogens 
may cause a grave poisoning of the organism. 

The most important physical constants of the halogens are given 
in Table 18. The data in this table show that the physical properties 
of the halogens gradate in a definite order from fluorine to iodine: 
their specific gravities grow, their melting and boiling points rise 
and their atomic radii increase. 

The halogens are rather poorly soluble in water. One volume of 
water will dissolve about 2'/s volumes of chlorine at ordinary temper- 
ature, such a solution being known as chlorine water. If chlorine is 


109. Chemical Properties of the Halogens 307 


passed into water cooled to 0°C, greenish-yellow crystals of 
crystalline chlorine hydrate Cls-8SH20 precipitate out. 


Table 18 
Most Important Physical Constants of the Halogens 
Constants | Fluorine F | Chlorine Cl | Bromine Br lodine I 
Specific gravity . . . | LA1(liq.) | 1.57 (iq.) 3.12 4.99 
Melting point, 
degrees C 218 101 5.7 1153 
Boiling point, degrees C —188.2 —34 59 185 


Atomic radius, A... 0.67 1.07 1.19 | 1.36 


The solubility of bromine at 20°C is about 3.5 gr. while that of 
iodine is only 0.02 gr. per 100 gr. of water. Fluorine cannot be 
dissolved in water, as it decomposes the latter vigorously, liberating 
oxygen and forming HF: 


2F, 4+-2H,0 =4HF 4-0, 


(simultaneously some ozone is formed as well). 

‘The halogens dissolve in many organic solvents, such as carbon 
disulphide, alcohol, ether, chloroform, etc., much better than in 
water. Solutions of bromine in all these solvents are of a yellowish- 
brown colour. A solution of iodine in alcohol and ether is dark brown, 
while in carbon disulphide and chloroform it is violet; the difference 
in the colouring of the solutions is due to the formation of iodine 
solvates, i. e., compounds of I» molecules with molecules of the 
solvent. 

The high solubility of the halogens in organic solvents can be 
utilized to extract them from aqueous solution. If, for instance, an 
aqueous solution of iodine is shaken with a small quantity of carbon 
disulphide (which does not mix with water), almost all the iodine 
passes from the water into the carbon disulphide, colouring it 
violet. 

109. Chemical Properties of the Halogens. The halogens are ex- 
ceedingly active elements. They react with almost all simple subs- 
tances. The reactions between the halogens and metals are especially 
rapid and involve the liberation of a large amount of heat. Thus, 
for instance, if molten metallic sodium is placed in a vessel contain- 
ing chlorine, it will burn with a blinding flame, depositing white: 
table salt on the vessel walls: 


| 
2Na + 61, =2Na+Cl- 


20* 
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Copper, iron, tin and many other metals also burn in chlorine, 
forming the corresponding salts. Iodine and bromine act in a similar 
way. In all these cases the metal loses electrons and the halogen 
gains them. 

It was indicated in § 70 that substances which acquire electrons 
in the course of a reaction, abstracting them from other substances, 
are called oxidizing agents. This capacity for gaining electrons, espe- 
cially pronounced in halogen atoms, is their most characteristic chem- 
ical property. The halogens are very active ozidants. The most active 
of them is fluorine and the least active iodine. The oxidizing proper- 
ties of the halogens are manifested also in their reactions with 
various complex substances. 

Several examples are given below. 

1. If chlorine is passed through a pale green solution of ferrous 
chloride FeCl, the liquid turns yellow, owing to oxidation of the 
ferrous chloride FeCl, into ferric chloride FeCls: 


2FeCl, 4 Cl, =2FeCl, 
or in the ionic form 
28 


Dl + 0, =2Fe" +201 


2. Tf hydrogen sulphide water (a solution of HS) is added to a 
solution of bromine, the yellowish-brown colour of bromine disap- 
pears and, the liquid becomes milky due to the liberation of sulphur: 


HS + Br,=S + 2HBr 
or 
2e- 


LEC 
HS +Br,=S-+ 2H +2Br' 


3. If an aqueous solution of iodine is treated with a solution of 
sodium sulphite NasSOs, the solution becomes decolourized due to 
reduction of the iodine into hydrogen iodide as it oxidizes the sodium 
sulphite into sodium sulphate. The reaction involves the participa- 
tion of water and is expressed by the equation 


+IV 0 +VI —-1 
NazS0, 4-1, + H20 = Na,S0, 42H! 
or in the ionic form 
SO: +14 H,0 = S0,+2H +21 (1) 


In contradistinction to the previous reactions, where the atoms 
of simple substances or elementary ions were oxidized, in this case 


a complex SO; ion is oxidized into an SO; ion. 
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To understand this reaction better let us examine the oxidation 
and reduction processes separately. 
The oxidation reaction can be represented by the following equation: 


SO! + H,0—2e7 =50, + 2H (2) 


The oxidation of the SO; ion consists in its losing two electrons; 
at the same time an oxygen ion breaks away from a water molecule 
(liberating iwo hydrogen ions) and unites with it. The result is an 
SO“ ion which has the same negative charge (—2) as the SO; ion, 
though the valency of the sulphur has increased from 4-4 to4-6. 

The reduction process is represented by the equation 


I+ 2e- =21" (3) 


The iodine is reduced as a result of two electrons being added to 
its molecule, so that its valency drops from 0 to —1. 

Adding up equations (2) and (3), we. get equation (1). 

A comparison of the chemical properties of the halogens shows 
that their activity decreases gradually from fluorine to iodine. As 
the atomic number of the halogens rises, the total number of electrons 
surrounding their nucleus increases, their atomic radius becomes 
larger and their outer electrons move farther and farther away from 
the nucleus, so that the attraction of the electrons by the latter 
becomes weaker. At the same time, the electron affinity of the atom 
decreases, as does the strength of the bond between the electron 
and the nucleus in the negative ion of the halogen. 

The table below gives a comparison of the radii of the negatively 
charged halogen ions and the quantity of energy in calories evolved 
during the formation of one gram-ion of the corresponding element. 


Fluorine Chlorine Bromine TJodine 
Radius of negative ion, A 1.33 1.81 1.96 2.20 
Electron affinity, Cal. 98 88 83 76 


These data show that as the radius of the ion increases, its electron 
affinity diminishes, which is in full agreement with the decrease in 
activity from fluorine to iodine. 

Different electron affinity accounts readily for the order of displace- 
ment of the halogens from their compounds. Since the electron 
affinity of fluorine is the highest, it can take electrons away from the 
ions of any of the other halogens; chlorine can abstract electrons 
only from bromide and iodide ions, while bromine can remove them 
only from iodide ions. The reactions involved are typical oxidation- 
reduction reactions, during which the atom of one halogen oxidizes 
the ion of another, itself being reduced to the ionic state. 
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For example: 
Cl, +2KI=1, + 2KCi 
28- 


al 
Cl, +21°=1,4+-201 


In this reaction I‘-ion acts as the reducing agent. The chemical 
activity of the negative ions of the halogens as reducing agents 
changes inversely to the chemical aclivity of their molecules or free 
atoms. The most active reducing agent is I’-ion and the least active, 
F’-ion. This is due to the fact that considerably less energy is re- 
quired to split an electron away from I’-ion than from F’-ion. 

Thus the chemical activity of the halogen molecules as oxidizing 
agents gradates in the following order: 


F,> Cl, > Br, >], 


On the other hand, the chemical activity of the halogen ions as 
reducing agents gradates in the reverse order: 


> Br, > CE > F’ 


The difference in activity of the halogen molecules is especially 
Pronounced in their reaction with hydrogen. Fluorine reacts with 
hydrogen explosively even at very low temperatures. Chlorine com- 
bines with hydrogen slowly at ordinary temperatures, but when 
heated a mixture of chlorine and hydrogen will react almost instanta- 
neously, causing an explosion. Bromine will combine with hydrogen 
at a perceptible rate only at elevated temperatures, while iodine 
combines with hydrogen only when heated strongly, and the reaction 
is not complete owing to its reversibility. 

It is noteworthy that light has a great influence on the reaction 
of combination between chlorine and hydrogen. In the dark there 
is no perceptible interaction at all; in dispersed light the reaction 
proceeds rather slowly, while in bright sunlight it takes place as 
rapidly as when the mixture is heated, and is accompanied by an 
explosion. 

Investigation of this reaction led to the conclusion that it consists 
of a succession of steps. Absorbing the energy of the solar Tays, 
Some individual chlorine molecules decompose into atoms: 


Cl,=201 


Chlorine atoms are more active than the molecules, and immediately 
begin to react with the hydrogen molecules according to the equation 


CL+H,=HClL-H 
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The hydrogen atoms thus formed react in their turn with chlorine 
molecules, giving rise to new chlorine atoms: 


H+ Cl,=HCl+C 


The latter again react with hydrogen molecules, etc. 

Reactions of this kind, consisting of a sort of chain of consecutive 
reactions, are known as chain reactions. 

Chain reactions play an important part in many chemical processes, 
particularly in those of combustion. Extensive investigations in the 
field of chain reactions were carried out by the Soviet Academician 
N. Semyonov who was the first to prove their abundance and great 
importance. Semyonov suggested a theory of chain reactions on 
the basis of which he also developed a theory of flammation and ex- 
plosions which is of great practical importance. The services rendered 
by Semyonov are held in high esteem by the scientific world. He 
was awarded the Nobel Prize for 1956 by the Swedish Academy 
of Sciences for developing the theory of chain reactions and chemical 
processes. ? 

Thus, both the physical and the chemical properties of the halogens 
gradate consecutively as the charges on their atomic nuclei and 
the number of electrons in their atoms increase. The non-metallic 
properties, most pronounced in fluorine, gradually weaken, and iodine 
begins to manifest even some metallic properties. This regularity 
in gradation of properties is a striking manifestation of the Law of 
‘Transition of Quantity into Quality. 

110. Preparation and Uses of the Halogens. In natural compounds 
the halogens are contained (with very few exceptions) as negatively 
charged ions and therefore almost all the methods of obtaining 
the halogens in the {free state consist essentially in oxidation of their 
ions. This is done by means of various oxidizing agents or by the 
action of electric current. 

As we know, during electrolysis electrons pass from the cathode 
to the positively charged ions and from the negatively charged 
ions to the anode (see § 88). Therefore, reduction takes place at the 
cathode and oxidation at the anode. Thus, oxidation or reduction 
may be brought about by electric current as well as by the action 
of one substance on another. 

Electric current is the most powerful means 0f oxidation and re- 
duction. 

Ovwing to its great electron affinity fluorine can be isolated from 
its compounds only by electrolysis. It was obtained for the first time 
in 1886 by the electrolytic decomposition of anhydrous liquid hy- 
drogen fluoride HF with about 20 per cent of potassium fluoride 
KF added. The decomposition was carried out in an apparatus 
made of copper which resists fluorine (after it has become coated 
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with a layer of copper fluoride). The electrodes were made of pla- 
tinum. 

The method by which elementary fluorine was isolated is employed 
at present also for its commercial production. A fusion of the Ccom- 
position KF .2 HF (m. p. 70° C) is decomposed by electricity. Elect 
rolysis is carried out in steel baths using graphite electrodes. 

Chlorine is prepared at present in large quantities by the electrol- 
ysis of solutions of common salt. Chlorine is evolved at the anode. 
while sodium hydroxide forms at the cathode. Sometimes this re- 
action is employed to prepare the alkali, in which case chlorine is 
Produced as a by-product (see § 208). 

Chlorine is prepared in the laboratory by the action of various 
oxidants on hydrochloric acid. The reader will recall, for instance, 
the laboratory method of preparation of chlorine described in the 
Secondary school course, by the action of manganese dioxide on 
hydrochloric acid: 


+IV ল্ষ্ণু +I [) 
MnO, + 4HCI= MnCl, + Cl, 4-2H,0 


In the ionic form this reaction can be expressed by the following 
equation: 
2e— 


Mio, + 20) 44H" = Mn 4+- Cl, +-2H,0 


from which it can be seen that C\’-ion is oxidized into atomic Chlorine 
(which combines subsequently into Cl, molecules) and the tetravalent 
manganese in MnOs is reduced to bivalent Mn" -ion. Chlorine Was 
Obtained by this reaction for the first time by the Swedish chemist 
Scheele in 1774. 

Chlorine can be obtained from hydrochloric acid in a similar Way 
by using other oxidants instead of MnO; (such as PbO, KCIlOs, 
KMno0,;). 


Oxygen does not react perceptibly with HCl under ordinary conditions. 
But if a mixture of HCl and 0s is passed through a tube heated to 400° and con- 
taining cupric chloride CuCl, as a catalyst, distributed over pieces of pumice, 
the hydrogen chloride (rather Cl'-ion) is oxidized by the oxygen: 


4HCl-- 0, = 201, +2H,0 


the chlorine yield being as Ligh 45 80 per cent. Formerly this reaction was often 
used for the preparation of chlorine. 


Bromine and iodine can be prepared in a manner similar to chlorine 
by oxidizing HBr and HI with various oxidizing agents. They are 
usually produced on a commercial scale from the metal bromides 
Or iodides by the action of chlorine on their solutions. Thus, the prep- 
aration of bromine and iodine is also based on oxidation of their 


0 


111. Hydrogen Compounds of the Halogens 313 


ions, with the difference that the oxidant used is chlorine. For example: 
2B1’ + CL. =201" + Br** 21+ CL =200 LL 


In the U.S.S.R. bromine is extracted from the waters of Lake 
Sak (in the Crimea) which contain a considerable quantity of bromide 
salts, and from the “brine” (Saturated solution) of the Kara-Bogaz- 
Gol Bay. Bromine is now obtained also from drill hole waters. 

The chief source for the preparation of iodine in the U.S.S.R. 
are the waters of drill holes. By the end of the First Five-Year Plan 
two large-scale plants had been built for the extraction of iodine from 
such waters at Surakhany and Nefte-Chala (the Azerbaijan 5S.S.R.); 
the capacity of these plants is quite sufficient to cover the require- 
ments of the country in iodine. 

The halogens are widely used in the chemical industry. Free 
fluorine is employed at present for the production of certain very 
valuable fluorine derivatives of hydrocarbons, possessing unique 
properties, such as lubricants capable of withstanding high tempera- 
tures, a reagent-proof plastic (teflon), refrigerants (freons), etc. Chlo- 
rine is used to prepare numerous inorganic and organic compounds. 
It is employed in the production of hydrochloric acid, calcium hypo- 
chlorite and other hypochlorites, chlorates, sulphur chloride, carbon 
tetrachloride, various chlorine derivatives of hydrocarbons, etc. 
Chlorine plays a very important part in the production of intermedi- 
ate products for the synthesis of dyes and many medicinals and phar- 
maceuticals. A great quantity of chlorine, both in the free state and 
in the form of bleaching salts, is used for bleaching fabrics and paper 
pulp. Chlorine is used also to sterilize drinking water. 

Bromine is necessary for the manufacture of various medicinals. 
certain dyes and silver bromide, which is used in large quantities in 
the photography industry. 

Iodine is widely used in medicine in the form of tincture of iodine 
(a 10 per cent solution of iodine in alcohol) which is an excellent 
antiseptic and styptic. Besides, iodine is a constituent part of a 
number of pharmaceuticals. 

111. Hydrogen Compounds of the Halogens. Of all the halogen 
compounds, the most important practically are the hydrogen halides 
and the salts of the hydrohalic acids. 

All the hydrogen halides are colourless gases possessing a pungent 
odour, and condensing readily into liquids. Hydrogen fluoride li- 
quefies at 19.5° C, and the other hydrogen halides, at lower tempera- 
tures. The hydrogen halides are very soluble in water. For instance, 
one volume of water will dissolve about 500 volumes of hydrogen 
chloride at 0° C; the solubility of hydrogen bromide and hydrogen 
iodide is about the same. Hydrogen fluoride is soluble in water in all 


proportions. 
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The aqueous solutions of the hydrogen halides are typical acids, 
only hydrofluoric acid being comparatively little ionized. The rest of 
them are among the most active acids. 

All the hydrogen halides fume in the air, due to the formation of 
minute droplets of the corresponding acids with the water vapours 
in the air. 

The stability of the hydrogen halides to heat falls abruptly from 
HEF to HI due to the decrease in the electron affinity of the halogen 
atoms. While HF does not ionize into atoms to any perceptible degree 
even at very high temperatures, hydrogen iodide decomposes consid- 
erably into iodine and hydrogen at as low a temperature as 300° C. 


The most important constants of the hydrogen halides are given 
in Table 19. 


Table 19 
Most Important Constants of Hydrogen Halides 
PReEIETEE, Hydrogen halide t+ 
CRE NEE: 
Specific gravity (liq.) 0.987 1.19 2.16 2.80 
Melting point, degrees CL —88 —112 —88 —50.9 
Boiling point, degrees C LL. 19.5 | —84 —67.0 | —35.7 
Heat of formation, Cal... 64 92.1 8.65 —6 


The general method of preparing the hydrogen halides is by the 
action of concentrated sulphuric acid on the salts of the hydrohalic 
acids. Thus, for instance, hydrogen chloride is usually obtained by 
heating sodium chloride with concentrated sulphuric acid: 


2NaCl + H,SO,= Na,S0, 4+ 2HCI 


Since glass vessels must not be heated too strongly, only one of the 
hydrogen atoms of sulphuric acid takes part in the reaction when it 
is carried out in the laboratory, resulting in the acid salt: 


NaCl + H,S0, = NaHS0, + HCl 


Even though two molecules of NaCl be taken for each molecule 
of sulphuric acid, the reaction will go no further than the formation 
of the acid salt. Only when this method is used for the industrial 
production of HCl, allowing very intense heating, does the acid salt 
interact further with a second molecule of NaCl to form the normal 
salt: 


NaCl + NaHSO,= Na,S0, + HCl 
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Hydrogen fluoride is prepared in a similar way. It is obtained from 
calcium fluoride, a natural compound of fluorine: 


CaF, + H.S0,= CaSO, 4+ 2HF 


As hydrogen fluoride attacks glass vigorously, the reaction is 
usually carried out in lead vessels, a protective layer of PbEF; 
forming on their walls, and keeping the metal from further corrosion. 

Hydrogen bromide and hydrogen iodide can also be obtained by 
the action of sulphuric acid on metal bromides and iodides. But 
during these reactions part of the hydrogen halides is oxidized by 
the sulphuric acid, liberating free bromine and iodine. For example: 


2e— 
|| Y 
2H Br + H:S0,= Br, + S50: + 2H,0 


Therefore these hydrogen halides are usually prepared by the 
action of water on the phosphorus compounds of bromine and iodine 
PBrs and Pls. The latter undergo complete hydrolysis, forming 
phosphorous acid and the corresponding hydrogen halides: 


PBr, + 3H,0 = HPO, + 3H Br 
PI, +-3H,0 = HPO: + 3HI 


Contrary to the preparation of the free halogens, the preparation 
of the hydrogen halides is not an oxidation-reduction reaction. As 
can be seen from the above examples, no change in valency, charac ter- 
istic of oxidation-reduction processes, takes place during these reac- 
Lions. 

In practice we have to do mainly with aqueous solutions of the 
hydrogen halides, which are acids, the most important being hydro- 
chloric acid. 

Hydrochloric or muriatic acid is prepared by dissolving hydrogen 
chloride in water. 

At present the principal industrial method for the preparation of 
hydrogen chloride is by synthesis from hydrogen and chlorine accord- 
ing to the equation 


H,+ 01, =2HCl + 43.8 Cal. 


This reaction is carried out by burning hydrogen in a stream of 
chlorine. “Synthetic” hydrochloric acid is obtained by absorbing the 
resulting hydrogen chloride in water. 

Fig. 80 shows a diagram of a synthetic hydrochloric acid plant. 
The furnace 1 for burning hydrogen in chlorine is a vertical steel pipe 
with a special burner at its bottom consisting of two concentric steel 
tubes. Dry chlorine enters at the bottom through the inner tube 2 
while dry hydrogen is introduced through the outer tube 3. After 


316 Chapter XIV. The Halogens 


ignition the mixture continues to burn tranquilly with a large flame, 
forming hydrogen chloride. The latter is then passed through absorp- 
tion columns 4 (only one column is shown in the figure), in which 
it is absorbed by water trickling downwards. Thus, by using pure 
hydrogen and pure chlorine for the synthesis, chemically pure hy- 
drochloric acid can be produced directly. 

The earlier “sulphate” method of preparation of hydrogen chloride 
Still used at present is based on the reaction between concentrated 
sulphuric acid and common salt. 
At a high temperature this re- 
action takes place according to 
the following summary equation 


2NaCl + H,SO,=NaS0, + 2HCl 


Sodium sulphate NasSO;, is ob- 
tained as a by-product. 

Of the two methods mentioned, 
the more perfect is the syn- 
thetic method. With this method 
the hydrogen liberated simulta- 
|i neously with chlorine during the 


Chlorine Ayarochloric electrolytic preparation of the 
acid latter can be used, saving con- 
Fig. 80. Diagram of synthetic hyd- siderable quantities of sulphur- 
rochloric acid plant: ic acid, which is indispensable 
IIe, Cmbustion, tunaces, 25: for the production of mineral 
sorption column fertilizers, dyes and other 

products. 


Pure hydrochloric acid is a colourless liquid with the pungent 
odour characteristic of hydrogen chloride. A saturated solution of 
hydrogen chloride at 18° C contains 42 per cent HCl. Ordinary con- 
centrated hydrochloric acid contains about 37 per cent HCl and has 
a specific gravity of 1.19. This acid fumes in the air due to the libera- 
tion of hydrogen chloride and for this reason is called fuming hydro- 
chloric acid. The technical acid is yellow due to the presence of 
impurities (mainly FeCls) and contains around 27.5 per cent HCl. 
Synthetic hydrochloric acid contains 31 per cent HCl. 


If concentrated hydrochloric acid is heated, hydrogen chloride escapes first, 
together with a small quantity of water. This continues until the residue becomes 
a 20.2 per cent solution; the latter distills further without altering its com posi- 
tion, at a constant temperature of 110°. On the other hand, if dilute hydrochlor- 
ic acid is heated, water escapes first. When the concentration of the residue 
reaches 20.2 per cent, the liquid begins to distill without altering its com position, 
as in the previous case. Thus, hydrogen chloride cannot be removed entirely 
from water by boiling. 
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The composition of the constant-boiling solution changes depending on the 
pressure, and therefore it cannot be regarded as a definite chemical compound 
between HCl and water, although at low temperatures various hydrates (such 
as HCl . H,0, HCl . 2H0, etc.) can be isolated from hydrochloric acid. 


Hydrochloric acid is one of the most important acids in chemical 
practice. It reacts readily with many metals, liberating hydrogen 
and forming salts, known as metal chlorides or just chlorides. Hy- 
drochloric acid is used for the preparation of metal chlorides, for the 
production of ammonia, glue, carbonic acid, a .number of organic 
preparations, in the leather industry (to treat leather before chrome 
tanning), in the food industry, in tinning and soldering and in many 
other branches of industry. A small quantity of hydrochloric acid 
is contained in the gastric juices of man and animals and plays an 
important part in digestion. 

The chlorides of most metals are readily soluble in water and 
therefore are widely used in laboratory practice when it is necessary 
to introduce any definite metal ion into a reaction. Of the most 
important metals, only the chlorides of silver, univalent mercury and 
copper (AgCl, HgsCl,, CuCl) are insoluble. Lead chloride PbCls 
is very Slightly soluble. 

The most important chlorides are considered below. 

Sodium chloride NaCl or common salt is of very great importance 
in everyday life. First of all, salt is a necessary seasoning for our 
food. Then salt plays an important part as a means of preventing 
many food products from spoiling. Common salt serves as raw mate- 
rial for the production of chlorine, hydrochloric acid, caustic soda 
and soda ash; it is used in the dye, soap and many other industries. 

Potassium chloride KCl is used in immense quantities in agricul- 
ture as a fertilizer. 

Calcium chloride CaCls-6 Hs20 is employed for the preparation of 
cooling mixtures. Anhydrous calcium chloride is widely used in la- 
boratory practice for drying gases, dehydrating ether and many other 
liquid organic substances. 

Mercurie chloride HgCl2, or corrosive sublimate, is a very strong 
poison. It is used to preserve wood and anatomical preparations as 
well as for the preparation of other mercury compounds. Very dilute 
solutions of corrosive sublimate (1 : 1,000) are used in medicine as an 
excellent disinfectant. 

Silver chloride AgCl is the least soluble salt of hydrochloric acid. 
The formation of a precipitate of AgCl due to the reaction between 
Cl’-ion and Ag -ion is a characteristic test for chloride-ion. Silver 
chloride is used in photography for the preparation of certain types 
of sensitized plates and papers. 

It should be noted that when a metal of variable valency forms 
two different salts with hydrochloric or any other hydrohalic acid, 
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the ending “ous” (added to the name of the metal or its root) is used 
for the salt of lower valency, while the ending “ic” denotes the salt 
with the higher valency. For instance, FeCls is called ferrous chlo- 
ride, while FeCl, is ferric chloride; Hg,Cl, is mercurous chloride, 
and HgCls—mercuric chloride, etc. 

Hydrobromic and hydroiodic acids are very similar in properties to 
hydrochloric acid but are less stable. Since the electron affinity of 
bromine and iodine atoms is lower than that of chlorine atoms, Br'- 
and I'-ions are oxidized more readily than Cl’-ion, as we have alread y 
Seen in the reaction between sulphuric acid and the metal bromides 
and iodides. lodide-ion gives away its electron especially readily, 
and can be oxidized even by atmospheric oxygen. For this reason a 
solution of hydrogen iodide very soon turns red if left standing in the 
air, due to theliberation of free iodine: 


ec 


Jr 
4HI+-0,=21, +2H,0 


Light greatly accelerates this reaction. Due to the readiness of 
iodide-ion to part with its electrons, hydrogen iodide is an active 
reducing agent. The salts of hydrobromic and hydroiodic acids are 
called bromides and iodides, respectively. Most of them are quite 
Soluble in water. The insoluble salts are those of the same metals 
which form insoluble chlorides. 

Solutions of sodium and potassium bromides are used in medicine 
under the name of “bromide” as sedatives in treating disorders of 
the nervous system. Silver bromide is used in large quantities for 
the preparation of photographic plates, films and papers. Potassium 
iodide is used in medicine for the treatment of certain diseases. 

Hydrofluoric acid is a solution of hydrogen fluoride in water. The 
names hydrofluoric acid and fluorine originated from fluorspar, from 
which hydrogen fluoride is usually obtained (see footnote, P5245). 

Both hydrogen fluoride and hydrofluoric acid differ in properties 
from the rest of the hydrogen halides and hydrohalic acids. This 
difference, manifested even in the physical properties of hydrogen 
fluoride, namely in its melting and boiling points, which do not 
correspond to its low molecular weight, is due to the strong associa- 
tion of its molecules owing to the formation of hydrogen bonds be- 
tween them (see p. 215): 


-H—-F...H—~F.AH~TF... 


The vapour density of hydrogen fluoride at 32° C shows that its 
formula at this temperature is (HF),, while at 90° C it consists of 
ae HF molecules. Likewise, HF molecules are Strongly associated 
in solution. 
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Compared to HCl, HBr and Hl, hydrofluoric acid ionizes very 
little and, along with F’-ion, contains a large quantity of HF;-ion 
formed by the union of F’ions with HF molecules. For this reason 
hydrofluoric acid forms a number of acid salts, such as KHF;, thus 
behaving , in a sense, like a dibasic acid. 

One of the remarkable properties of hydrofluoric acid is its capacity 
for reacting with silicon dioxide or silicic anhydride SiOz, a consti- 
tuent part of glass, Lo form gaseous silicon fluoride SIF, and water: 


SiO; + AHF = SIF, + 2H,0 


The use of- hydrofluoric acid for etching drawings and inscriptions 
on glass, as well as for frosting glass articles (such as electric light 
bulbs), is based on this reaction. 

To etch a drawing on glass, the latter is first coated with wax 
or paraffin, which are indifferent to HF; then the wax is cut or 
scratched off the parts where the drawing is to be inscribed, and the 
denuded surfaces are treated for some time with hydrofluoric acid 
or hydrogen fluoride vapours. 

Large amounts of hydrogen fluoride are employed for the prepara 
tion of cryolite, used in the production of aluminium (§ 229). Besides, 
hydrogen fluoride is used as a catalyst in certain chemical processes 
such as the manufacture of high-quality motor fuel. 

Hydrofluoric acid is employed also for the preparation of organic 
fluorides to be used in refrigerators, in the synthesis of certain types 
of dyes, lubricants and plastics. In analytical laboratories hydro- 
fluoric acid is used for dissolving various silicates (salts of silicic 
acid). 

The vapours of hydrofluoric acid are very poisonous. If concentrated 
hydrofluoric acid comes in contact with the skin it causes very serious 
burns which turn into ulcers that heal with great difficulty. Therefore, 
this acid should be handled very carefully. In the laboratory hydro- 
fluoric acid is kept in vessels made of paraffin which it does not 
attack. 

The salts of hydrofluoric acid—fluorides—are mostly insoluble 
in water, which distinguishes them from the salts of the other hydro- 
halic acids. But silver fluoride AgF dissolves readily in water, al- 
though AgCl, AgBr and Agl are practically insoluble, 

Sodium fluoride NaF is used to destroy agricultural pests and as 
a preseryant for impregnating wood. . 

112. Oxygen Compounds of the Halogens. The halogens do not 
combine directly with oxygen; hence their oxygen compounds can 
be obtained only indirectly and are not very stable. The most stable 
are the salts of their oxygen acids and the least stable, their oxides. 
In all their oxygen compounds the halogens are positively valent, 
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their valency being as high as seven in the highest oxygen compounds 
of chlorine and iodine. 

The most numerous and practically important are the. oxygen 
compounds of chlorine, which we shall examine in greater detail. 

To give a more general idea, the formulas of the oxides and acids 
formed by chlorine are shown in Table 20 together with the names 
of the acids and the corresponding salts. Compounds which have not 
yet been obtained, but are assumed to exist, are enclosed in paren- 
theses. 


Table 20 
Oxygen Compounds of Chlorine 
Acids 
Oxides Name of salts 
{ formula | name 

Cl,0 HClO Hypochlorous Hypochlorites 
(Cl,0;) HClO, Chlorous Chlorites 

ClO, — — = 

(Cl,0,) HClO, Chloric Chlorates 

Cl,0, HClO, Perchloric Perchlorates 


All the oxygen compounds of chlorine are strong oxidants. When 
oxidizing, the positively valent chlorine atoms are usually reduced 
either to neutral chlorine or to negatively charged Cl’-ion. Of great 
practical importance are the hypochlorites and chlorates, salts of 
hypochlorous and chloric acids, respectively. 

Hypochlorites. Their preparation is based on the reaction between 
chlorine and water, leading to the formation of hypochlorous acid: 


Cl, +H20 Z HClO + HCI 


This is the hydrolysis of chlorine. It may be assumed that hydrolysis 
is preceded by polarization of the covalent bond between the chlorine 
atoms in the Cls molecule, i. e., a Shift of the common electron pair 
towards one of the atoms under the influence of the polar water 
molecules. After this the positively charged chlorine atom combines 
with the hydroxyl of water, displacing a proton, while the other 
chlorine atom is converted into a [ : Cl: J” ion, as shown by the 
following scheme: 


0: 61:4 bjt [Of +n 


It can be seen from the scheme that the hydrolysis of chlorine 
is an oxidation-reduction reaction, during which one of the chlorine 
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atoms, gaining an electron from the other, is reduced, while the other 
chlorine atom is oxidized. 


A reaction of this kind, in which one atom of an element is the 
oxidant and the other atom of the same element the reductant, is 
called a self-oxidation-self-reduction reaction. 

The HCl and HClO produced during the hydrolysis of chlorine 
may react with each other to give chlorine and water again; hence, 
the reaction is not complete, equilibrium being established after 
approximately */s of the dissolved chlorine has reacted. Thus, chlorine 
water always contains a considerable amount of hydrochloric and 
hypochlorous acids alongside its Cls molecules. 


The splitting of the covalent bond between the chlorine atoms during its 
hydrolysis is of a different nature than the splitting of that between the same 
aloms under the action of light on chlorine, accompanied by the formation of 
free chlorine atoms 


Splitting of the Splitting of the bond 
1 during hydro- under the action of light 
ysis 


The first type of splitting of the covalent bond is called heterogeneous and 
the second homogeneous. 

Other examples of homogeneous and heterogeneous splitting of bonds are 
the thermal dissociation of hydrogen iodide upon heating: 


2 H.+:E 


and the electrolytic dissociation (ionization) of hydrogen iodide when dissolved 
in water: 2 


H.0+H = [H,0)+ +E] 


Hypochlorous acid HClO is very unstable and gradually decomposes 
in solution into hydrogen chloride and oxygen: 


2HClO = 2HCl 4-0, 


As the hypochlorous acid decomposes, the equilibrium of the 
reaction between chlorine and water (shown on Dp. 320) shifts to 
the right, until all the chlorine has reacted with the water and only HCl 
remains in solution. This reaction is greatly accelerated by light and 
that is why chlorine water should always be kept in the dark. 

Hypochlorous acid is a very active oxidizing agent; its formation 
during the reaction of chlorine with water accounts for the bleaching 


213881 
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properties of chlorine. Perfectly dry chlorine will not bleach, but 
in the presence of moisture dyes are rapidly broken down by the 
hypochlorous acid formed during the hydrolysis of chlorine. 

If an alkali is added in small portions to chlorine water, neutrali- 
zation of the hypochlorous and hydrochloric acids will also shift 
the equilibrium of the hydrolysis of chlorine to the right; the result 
is a solution containing salts of hypochlorous and hydrochloric 
acids: 

HCl + HClO +2KOH = KCl + KClO + 2H,0 


The result will obviously be the same if chlorine is passed directly 
through a cold solution of alkali: 


2KOH + Cl, = KCI + KClO + H,0 
Or in the ionic form: 
20H’ + Cl, = CI + C10’ + H,0 


The liquid thus obtained, containing a mixture of hypochlorites 
and chlorides in solution, is called eau de Javelle (Javelle is a small 
town near Paris where this water was first prepared) and is used 
for bleaching; its bleaching properties are due to the fact that potas- 
sium hypochlorite decomposes readily under the influence of the car- 
bon dioxide of the air, forming hypochlorous acid: 


KCl0O + CO, + H,0 = KHCO, + HClO 


The latter is the active bleaching agent. 

A similar solution containing sodium hypochlorite can be obtained 
by passing chlorine through a solution of sodium hydroxide. Both 
Solutions can be obtained also by the electrolysis of KCl and NaCl, 
if the chlorine liberated is allowed to react with the alkalis formed 
during the electrolysis (see p. 551). 

The action of chlorine on dry slaked lime gives what is known 
as bleaching powder or calcium hypochlorite. Its chief constituent part 
is Ca(ClO)s, which forms according to the reaction 


2Ca (0H): 4-201, = Ca (C10), 4 CaCl, + 2H,0 


but besides this, bleaching powder contains various basic calcium 
salts. 

Bleaching powder is a white powder with a pungent odour and 
Strong oxidizing properties. In moist air it decomposes gradually 
under the action of carbon dioxide, liberating hypochlorous acid, 
which accounts for its characteristic odour: 


Ca (C10), + C0, 4 H,0 = CaCO, + 2HCLO 
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The action of hydrochloric acid on bleaching powder results in the 
liberation of chlorine: 


Ca (ClO), + 4HClI= CaCl, + 201, + 2H,0 
+1 0 
201+ 2e- =Cl, 
-1 
2Cl—2e- =Cl, 


Bleaching powder is widely used for bleaching vegetable fibres 
(fabrics, paper), for disinfecting cesspools, lavatories, drainage 
ditches, etc. In gas defence bleaching powder plays an important part 
as a means of degasing terrains contaminated with poison gases. 


The quality of bleaching powder is evaluated by its “active chlorine” content, 
i. e., by the amount of chlorine liberated under the action of hydrochloric acid, 
expressed in per cent of the total weight of the product. Standard bleaching 
powder contains about 35 per cent of active chlorine. 

Recently a new iH steal method has been developed for preparing bleaching 
powder with a very high active chlorine content. This bleaching powder con- 
sists of almost pure calcium hypochlorite Ca(ClO)s. It is prepared by the action 
of chlorine on milk of lime—a mixture of slaked lime with a small quantity of 
water. Calcium hypochlorite is formed as tiny crystals of the composition 
Ca(Cl0):- 3H20. When the reaction is over, the precipitate is filtered and dried. 
The resulting technical product contains up to 70 per cent active chlorine. 


Chlorates are salts of chloric acid HCIO,, which is a rather unstable 
compound. The best known and most important of these salts is 
potassium chlorate KClOs, known also as Berthollet’s salt. 

Tf a solution of potassium hypochlorite is heated it loses its bleach- 
ing properties. This is due to the decomposition of KCIO into 
potassium chlorate and potassium chloride according to the fol- 
lowing equation: 

3KCIO = KClO;, + 2KCI 
or in the ionic form 


3010’ = Clo, +201 


In this reaction */s of the chlorine atoms contained in the CIO’ 
ions, and having a valency of 4-1, are converted into Cl’ ions, i. e., 
are reduced, while the remaining atoms pass from the 1 into the 
5 valency state, i. e., are oxidized. 

Tf chlorine is passed through a hot solution of potassium hydroxide, 
KCIlOs results directly instead of KCIlO: 


6KOH +30Cl,= 5KCl-+-K ClO, + 3H,0 
60H’ 4-3Cl,= 501 + ClO, + 3H,0 


During this reaction /s of the chlorine atoms are oxidized to ClO; 
ions and $6 are reduced to Cl" ions. 


Pd ig 
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Since potassium chlorate is only slightly soluble in cold water, it 
crystallizes out of solution when the latter is cooled, and can thus be 
Separated from the potassium chloride, which remains in solution. 

Potassium chlorate decomposes readily when heated, liberating 
oxygen: 

2K Cl0,= 2K C1 4-30, 


Mixtures of potassium chlorate with various combustible sub- 
stances (sulphur, charcoal, phosphorus) explode violently when struck. 
‘This is the basis of its use in artillery for the production of fuses. 
Potassium chlorate is employed in pyrotechnics for the preparation 
of Bengal lights and other highly flammable mixtures. But the chief 
Consumer of potassium chlorate is the match industry. The head of 
an ordinary match contains about 50 per cent potassium chlorate. 

Chloric acid HClOs, corresponding to potassium chlorate, is known 
only in aqueous solution, condensable’by evaporation to a concen- 
tration of 50 per cent. Chloric acid is an active oxidizing agent. 

‘The structural formula of chloric acid is: 


0 
H-0—CK 
) 


No anhydride of chloric acid is known. Instead, upon the de- 
composition of chloric acid, for instance, by the action of concentrated 
sulphuric acid on potassium chlorate, a yellowish-brown gas with 
a characteristic odour is liberated. This gas is chlorine diozide ClO. 
Chlorine dioxide is very unstable and decomposes eruptively into 
chlorine and oxygen if heated or brought into contact with organic 
substances, etc. A mixture of potassium chlorate and sugar can be 
ignited by moistening it with a drop of sulphuric acid, as the chlorine 
dioxide liberated is a potent oxidant. 

If potassium chlorate is heated carefully in the absence of a cata- 
lyst, it partly decomposes, liberating oxygen, and partly passes 
into potassium perchlorate KClO;, a salt of perchloric acid: 


+V +VU =I 
4KCIC,=3KClO,4+- KCl 


Perchlorates are more stable compounds than chlorates. If potas- 
sium perchlorate is acted on by sulphuric acid, free perchloric acid 
Ee results, which, when pure, is a colourless liquid freezing at 
—112° C. 

Perchloric acid HCIO;, is the most stable oxyacid of chlorine. At 
the same time, it is the strongest of all known acids: its apparent 
degree of ionization in 0.5 N solution is 88 per cent, which is higher 
than the apparent degree of ionization of hydrochloric acid under 
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the same conditions. Perchloric acid is not so active an oxidant as 
chloric acid. + 
The structure of perchloric acid may be expressed by the formula 


[9) 


[| 
H—-0—C=0 

| 

0 


If perchloric acid is heated with phosphorus pentoxide, the latter 
abstracts water from it, leaving perchloric anhydride: 


2HCIO, + P,0,=2HPO, + Cl,0, 


Perchloric anhydride is an oily liquid with a boiling point of 
83° C; it explodes violently when struck. 

A comparison of the properties of the most important oxygen 
compounds of chlorine allows the following general conclusion to 
be drawn: As the valency of chlorine increases, its ozyacids become 
more stable and their ozidizing properties become weaker. The most 
powerful oxidizing agent is hypochlorous acid and the weakest is per- 
chloric acid. On the contrary, the strength of the chlorine ozyacid 
increases with the valency of the chlorine. The weakest is hypochlorous 
acid (its ionization constant being about 107°), and the strongest 
is perchloric acid. 


Oxygen Compounds of Fluorine. The only investigated compound of fluorine 
and oxygen is fluorine oxide or oxygen fluoride OF, first obtained only in 1927. 
It is a colourless gas which liquefies at —145° C, very poisonous and only slightly 


soluble in water. 
Oxygen fluoride is prepared by the action of fluorine on a 2 per cent solution 


of alkali: 
2NaOH + 2F,= 2NaF + OF, + H,0 


Its properties (low boiling point, slight solubility in water) indicate that 
the bonds between the fluorine and oxygen in oxygen fluoride are covalent. Its 
structure may be represented as follows: 


Since the electronegativity of fluorine is higher than that of oxygen, the 
fluorine in oxygen fluoride should be regarded as negatively univalent and the 
oxygen as positively bivalent. 

Ozygen Compounds of Bromine and Iodine. The only oxygen STEPS of 
bromine known at present are hypobromous acid HBrO, bromic acid HBrOs and 
their salts. These compounds are prepared in the same way as the correspondin 
compounds of chlorine, but are less stable. Neither perbromic acid nor any ol 
its salts have ever been discovered. The oxides of bromine are very unstable 
and exist only at low temperatures. 

Todine also forms only one oxide I0;, called iodic anhydride and correspond- 
ing to iodic acid HIO;. The sodium salt of this acid occurs as an impurity in 
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Chile saltpetre. The potassium salt can be prepared in the same way as potas- 
sium chlorate, by the action of iodine on a hot solution of the alkali. 
Free iodic acid is prepared by oxidizing iodine in the presence of water. 
If chlorine is used as the oxidant, the reaction takes place according to the fol- 
lowing equation: 
10e- 


| J 
I+ 5Cl, +6H,0 = 2H 10, + 10HCI 


Ilodic acid is a crystalline substance, quite stable at ordinary temperatures. 
If heated to 200° C, iodic acid loses the elements of water and is converted 
into solid iodic anhydride: 


2H10,=1,0;+ HO 


Above 300°C iodic anhydride decomposes, in its turn, into iodine and oxygen. 
Another oxyacid of iodine is periodic acid HIO,, which is prepared by the 
action of iodine on HCIO,: 
2HCIO, +1, =2HIO, + Cl, 


If a solution of HIO;, is evaporated, colourless crystals are deposited, having 
the HEE HIO,:2H,0 and a melting point of 130° C. However, this 
crystal hydrate should be regarded as a different, pentabasic acid HisIOs, (pa- 
raperiodic acid), as all five hydrogen atoms in it can be displaced by metals 
to form salts (e.g., AgsIOs). 

Periodic anhydride Iy0; has not been obtained. 


113. Balancing Equations of Oxidation-Reduction Reactions. In 
the course of our acquaintance with the properties of the halogens we 
have frequently had to deal with oxidation-reduction reactions. 
These reactions are often represented by rather complex equations 
with large coefficients before the formulas of the reacting and resul- 
ting substances. The chief difficulty in deriving such equations is to 
balance them correctly. There are several methods of finding the coef- 
ficients; the simplest method is based on counting up the electrons 
gained and lost by the substances taking part in the reaction. 

In oxidation-reduction reactions electrons are not acquired from 
the environment but just pass from one set of atoms or ions to another, 
and therefore the number of electrons gained by the oxidant 
must obviously be equal to the number of electrons lost by the re- 
ductant. Hence, to balance the equation of an oxidation-reduction 
reaction, we select the coefficients for the oxidizing and reducing 
Substances so that the number of reacting atoms or molecules of the 
oxidant multiplied by the number of electrons it gains is equal to 
the product of the number of reductant atoms or molecules and the 
number of electrons each of them loses. 

There is no difficulty in counting up the number of electrons yielded 
by the reducing agent and gained by the oxidizing agent if the change 
in valency of these agents due to the reaction is known. 

When writing the equations of oxidation-reduction reactions it is 
necessary, of course, to know what becomes of the oxidizing and 
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reducing agents as a result of the reaction. In many cases this can be 
predicted beforehand, if the properties of the reacting substances are 
known. Allowance must also be made for the participation of water 
in the reaction, if it proceeds in aqueous solution; whether water 
participates in the reaction or not becomes evident when balancing 
the equation. 

Now let us attempt to balance several equations of oxidation- 
reduction reactions and see how the coefficients are determined in 
concrete examples. 

1. Ozidation of Hydrogen Iodide by Concentrated Sulphuric Acid. 
Under the action of concentrated sulphuric acid hydrogen iodide 
evolves free iodine and the sulphuric acid is reduced to hydrogen 
sulphide. 

The unbalanced equation of this reaction is: 


HI+-H,S0, — Is HS 
First we determine the valencies of the elements involved in oxi- 
dation and reduction before and after the reaction, indicating them 
in Roman numerals above the symbols of the elements: 


el '+VI 0 II 
Hi+ H,S0,— lz HS 


It can be seen that the valency of the iodine has increased from —1 
t0 0; hence, iodine was oxidized, each of its ions losing one electron 
during the reaction. On the other hand, the valency of the sulphur 
decreased from +6 to —2, i. e., sulphur was reduced. The valency of 
the sulphur decreased as a result of electrons passing from hydrogen 
iodide to sulphuric acid. Each sulphur atom, covalently linked to 
oxygen atoms in sulphuric acid, gains eight electrons and is converted 


AVI 
into an S7™ion. Denoting this atom by S, we record the passage of 
electrons during the reaction by the following electronic equations:* 
[) 
8 |IY—-e- =! 
+VI 
1| S+88-=5"- 
As the number of electrons yielded by the iodide ions must equal 


#+VI 
the number of electrons acquired by the sulphur atoms 5 in the 
sulphuric acid molecules, eight iodide ions must obviously be taken 
for each sulphur atom, i. e., eight HI molecules for each H2S0 , mole- 
cule. This is indicated by the figures at the left of the above equations. 


* In the following, atoms linked by a covalent bond in molecules of complex 
substances or in complex ions will be denoted by the symbols of the respective 
elements with a Roman numeral above them showing the valency of the ele- 


ment (atom). 
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Thus we find the coefficients for the oxidant and reductant, and at 
the same time the coefficients of the substances formed as a result 
of oxidation and reduction, as eight HI molecules will, quite obvious- 
ly, form four Is molecules, and one H2S0; molecule will give only 
one HS molecule. Filling in the coefficients now known we get: 


8HI+HS0, — 41, + HS 


Now, if we compare the number of hydrogen atoms on both sides 
of the equation we find that there are eight hydrogen atoms missing 
on the right side. Evidently, water is also formed during the reaction, 
besides the direct products of oxidation and reduction indicated. The 
number of molecules of water is determined by the number of missing 
hydrogen atoms. Adding four molecules of water to the right side, we 
get the balanced equation of the reaction: 


8HI + H,S0,=4l, + HS + 4H,0 


Finally, we check the number of oxygen atoms on both sides of the 
equation to make sure that it has been balanced correctly. 

2. Oxidation of Copper by Dilute Nitric Acid. The oxidation-reduc- 
tion products of the reaction between copper and dilute nitric acid 
are cupric nitrate Cu(NO;)s and nitric oxide: 


0 +V +1 +1II 
Cu+ HNO,-Cu (NO): NO (unbalanced) 


It can be seen that as a result of the reaction the copper atom is 
oxidized, losing two electrons, while the pentavalent nitrogen atom 
is reduced, acquiring three electrons: 

3 | Cu—2e7 = Cu" 
+V +I 
21 N+3e-=N 

Hence, the oxidation of three copper atoms requires two nitric 
acid molecules, and as a result of oxidation and reduction, three 
cupric ions contained in CuU(NOs)» and two NO molecules should be 


formed: 
3Cu + 2HNO, — 3Cu (NO;), + 2NO 


However, comparing the number of atoms of copper and nitrogen 
on both sides, we find that there are six nitrogen atoms more at the 
right than at the left. To balance the number of nitrogen atoms, 
the coefficient of nitric acid on the left side must be increased to 
eight. Thus, a total of eight molecules of nitric acid participate in 
the reaction, but only two of them take part in the oxidation of the 
copper, since only two nitrogen atoms lower their valency from 
+5 to +2: 

3Cu-+8HNO, — 3Cu (NO), + 2NO 


EE —_ 
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Now we check the number of hydrogen atoms. On the left side 
there are eight hydrogen atoms, whereas the right side does not 
contain hydrogen at all. Obviously, four molecules of water are also 
formed during the reaction. Putting them down on the right side, we 
get the balanced equation of the reaction: 


3Cu+ 8HNO,=3Cu (NO): + 2NO + 4H,0 


Reactions in which the oxidant or reductant, besides its main 
function, is used to bind the ions formed during the reaction, are 
encountered quite often. In all such cases the coefficients are selected 
as Shown above. 

In the ionic form the reaction in question is expressed by the 
equation: 

3Cu+ 8H’ + 2NO; = 3Cu" + 2NO + 4H0 


from which it is quite obvious that only two NO, ions, i. e., two 
molecules of nitric acid, and not eight, as shown in the molecular 
equation, are expended on the oxidation of the three copper atoms. 

When verifying ionic equations it must be kept in mind that not 
only must the total number of atoms of each element be the same on 
both sides of the equation, but the algebraic sum of all the charges 
on the left side must equal the algebraic sum of the charges on the 
right side as well. For instance, in the above case the right side of the 
equation contains six positive charges (42X38), and the algebraic 
sum of the charges on the left side also equals six (+8—2). 

On the basis of the above examples, the following order of balancing: 
equations of oxidation-reduction reactions may be recommended: 

1. Write out the unbalanced equation of the reaction, showing the 
reactants and resultants of the oxidation and reduction process. 

9. Determine the valency of the elements taking part in the re- 
action before and after the reaction and decide which atoms or ions. 
are oxidized and which reduced. 

3. Write out the electronic equations for the oxidation process and 
for the reduction process and find the least factors by which these 
equations must be multiplied to make the number of electrons in both 
equations equal. 

The figures thus found are the coefficients of the oxidant and 
reductant. This also determines the coefficients of the substances: 
produced as a result of oxidation and reduction. The coefficients. 
of any other substances that may be taking part in the reaction 
are selected afterwards by counting up the number of atoms (ions) 
in both parts of the equation. 

In concluding, it should be noted that very many substances 
manifest oxidizing or reducing properties only in acid or alkaline 
solution. For instance, nitric acid, or rather NO;,-ion, is an active 
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oxidant in acid solution but has no oxidizing properties in neutral 
solution, when in the form of some salt of nitric acid; the halogens 
(chlorine, bromine) manifest their oxidizing properties most actively 
in alkaline solution, etc. 

In practice a solution is usually made acid by adding sulphuric 
acid, and alkaline by means of sodium or potassium hydroxide. 

The most important oxidants are: potassium permanganate and 
potassium bichromate in sulphuric acid solution, nitric acid, the 
halogens, potassium chlorate, sodium hypochlorite, hydrogen per- 
oxide. 

The most important reductants are: the base metals and hydrogen, 
carbon, silicon, carbon monoxide, compounds of bivalent tin, hydro- 
gen sulphide, sulphurous acid, hydrogen iodide and others. 


CHAPTER XV 


The Oxygen Group 


Element Symbol NBS rE Arrangement of electrons in layers 
Oxygen [9 16 8 2 6 
Sulphur 5 32.066 | 16 2 8 6 
Selenium Se 78.96 34 2 8 18 6 
Tellurium Te 127.61 52 2 8 18 18 6 
Polonium Po 2140 84 2 8 18 352 18 6 


114. General Features of the Oxygen Group. The oxygen group 
includes the typical elements of the sixth group of the Periodic Table, 
viz., oxygen and sulphur, as well as selenium, tellurium and polonium 
of the odd series, which are similar to them in structure. The last 
named is a radioactive element and its chemical properties are almost 
unknown as yet. 

Owing to the presence of six electrons in the outer layer of their 
atoms, the elements in question should be classed as non-metals, 
though less active than the halogens. Gaining two electrons, the atoms 
of the elements of this group become negatively doubly-charged ions 
in which form they are contained in their compounds with metals. 
They are negatively bivalent in their compounds with hydrogen as 
well. But they may be positively valent as well, e. g., in compounds 
with oxygen, where their valency equals --4 or +6. The only ex- 
ception is oxygen itself, whose six outer electrons are 50 strongly 
linked with the nucleus that there is apparently not a single element 
except fluorine, whose atoms are capable of drawing them away from 
the oxygen atom. For this reason, oxygen is only negatively bivalent 
in all ‘its compounds (except OF). 

As in the case of the halogen group, the physical and chemical 
properties of the elements in the oxygen group gradate regularly, 
as their atomic numbers grow. The appearance of new electron layers 
increases the radii of the atoms, as a result of which their electron 
affinity decreases, the oxidizing properties of the neutral atoms grow 
weaker and the reducing properties of the negatively charged ions, 
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stronger. The generally non-metallic properties, well defined in oxy- 
gen, are much less pronounced in tellurium. 

The most important constants of the oxygen group elements are 
given in Table 21. 


Table 21 
Most Important Physical Constants of the Oxygen Group Elements 


IOLA ty Sue SIE Boum 
Specific gravity . . . .| 1.20 (lig.) |2.07(rhomb.) 4.81 6.24 
Melting point, degr. C. —218.8 112.8 220 450 
Boiling point, degr. C. 1883 444.6 685 1,390 
Atomic radius, A... 0.60 1.04 1.16 1.43 
R” ion radius, A... 1.32 1.74 1.91 2.11 


OXYGEN (Oxygenium); at. wt. 16 


115. Oxygen in Nature. Preparation and Properties of Oxygen. 
Of all the elements found on the earth, oxygen is the most abundant. 
It occurs in the free state in atmospheric air, which contains 23.2 per 
cent of oxygen by weight or 20.9 per cent by volume. In the combined 
form oxygen is found in water (88.9 per cent), various minerals and 
rocks, as well as in all plants and animals. The total amount of oxygen 
in the outer shell of the globe (air, water and the earth’s crust) equals 
approximately half its weight. 

Oxygen was first prepared in the pure form by Scheele in 1772 and 
then by the English chemist Priestley in 1774; the latter obtained 
it from mercuric oxide. However, Priestley did not know that the gas 
he had obtained was contained in air. Only several years later, having 
made a thorough study of the properties of this gas, Lavoisier estab- 
lished that it was a component part of air, and gave it the name 
oxygen. 

Oxygen is a colourless odourless gas. It is a little heavier than air, 
one litre of oxygen at S. T. P. weighing 1.43 gr., while one litre of air 
under the same conditions weighs 1.29 gr. At —183° C and ordinary 
Pressure oxygen condenses into a mobile bluish liquid and at 
—218.8° C solidifies into a snow-like mass. Oxygen is but sparingly 
soluble in water: 100 volumes of water will dissolve 4.9 volumes of 
oxygen at 0° C and 3.1 volumes at 20° C. 

Oxygen is usually prepared in the laboratory from potassium 
chlorate, which decomposes when heated in the presence of manganese 
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dioxide (as catalyst) into oxygen and potassium chloride: 


2KCl0, =2KCl +30, 


For industrial purposes oxygen is produced in large quantities 
from liquid air, which is chiefly a mixture of liquid oxygen (54 per 
cent), liquid nitrogen (44 per cent) and liquid argon (2 per cent). 
When liquid air is evaporated in special apparatuses, permitting 
the nitrogen given off to be collected (for technical purposes), the 
residue is almost pure oxygen, containing not over 3 per cent impuri- 
ties (mainly argon, the boiling point of which is very close to that 
of oxygen). 

Very pure oxygen can be prepared by the electrolysis of water. 
This method has received the widest application wherever cheap 
electric power is available. 

Oxygen is marketed in steel cylinders, in which it is kept under 
a pressure of 150 atm. 

One of the most characteristic features of oxygen is its property 
of combining with many elements with the evolution of heat and 
light. Such reactions are commonly called combustion. In 1746 La- 
voisier proved that combustion consists in the union of the combust- 
ing substance with the oxygen of the air. 

Combustion takes place in pure oxygen much more vigorously 
than in air. Although the same amount of heat is evolved during this 
process as during combustion in air, the reaction takes place more 
rapidly and none of the energy evolved is wasted on heating the 
nitrogen of the air; therefore, the temperature of combustion in oXy- 
gen is much higher than in air. 

Oxygen plays an exceedingly important part in nature. It is usually 
indispensable for respiration, one of the most important vital proc- 
‘esses. Of no less importance is another process in which oxygen 
takes part, that of the rotting and putrefaction of dead animals and 
plants; during these processes complex organic substances are trans- 
formed into more simple substances (in the long run into carbon 
dioxide, water and nitrogen), the latter being returned to the general 
cycle of substances in nature. 

The applications of oxygen are very diverse. Oxygen is employed 
to obtain high temperatures, for which purpose various combustible 
‘gases (hydrogen, acetylene, illuminating gas) are burnt in special 
torches (see, for instance, § 67). 

Oxygen is used to intensify chemical processes in many branches 
of industry (for instance, in the production of sulphuric and nitric 
acids, in the blast furnace process, etc.). Oxygen is used also in medi- 
‘cine (for inhalation in cases of carbon monoxide poisoning, respira- 
tion difficulties, etc.). 
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Mixtures of liquid oxygen with powdered charcoal, wood meal, 
oils, or other fuels are known as oxyliquids. They are very explosive 
and are used for blasting. 

116. Ozone. If electric sparks are passed through oxygen or air, 
there appears a characteristic odour familiar to everyone who has 
had to do with electrostaticmachines or induction coils. This odour 
is due to the formation of a new gaseous substance—ozone. Since 
ozone can be obtained from absolutely pure dry oxygen by the action 
of electric sparks, it follows that ozone consists of oxygen only, being 

a special modification of this element. 
The molecular weight of ozone is 48, 
Ozonated while that of oxygen is 32. The atomic 


UAE weight of oxygen equals 16; hence, the 
ozone molecule consists of three oxygen 
HIE atoms, while the oxygen atom consists of 


only two. Thus, oxygen can exist in the free 
state in the form of two allotropic modifi 
cations, namely, oxygen proper Os» and 
ozone Os. 

Ozone is prepared by the action of a 
silent electric discharge on oxygen. The 
apparatus used for this purpose is called an 
ozonator, shown in Fig. 81. It consists essen 
tially of two glass tubes, one inside the other. 
Oxygen is drawn slowly between the tubes. 
A dilute solution of sulphuric acid is 
poured into the inner tube and the entire 
apparatus is immersed! in a beaker containing the same solution. 
Leads from an induction coil are dipped into the solution. Thus, 
the solutions are electrodes and at the same time serve to cool the 
£a5. When the coil is set to work a silent electric discharge occurs 
in the space between the tube walls. The oxygen coming out of the 
apparatus contains several per cent of ozone. The lower the tempera- 
ture, the more ozone is produced. 

The ozone can be separated from the oxygen by freezing, upon 
which the ozone condenses into a blue liquid with a boiling point of 
—112° C. Liquid ozone is very explosive. B 

The solubility of ozone in water considerably exceeds that of oxy- 
gen: 100 volumes of water at 0° C will dissolve 49 volumes of ozone. 

At ordinary temperatures ozone is quite stable but decomposes 
readily when heated, turning back into oxygen. The decomposition 
of ozone is accompanied by evolution of heat and an increase in 
volume of one and a half times since every two ozone molecules 
turn into three molecules of oxygen: 

20, =30:,--68 Cal. 


THAT 


Fig. 81. Ozonator 
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Ozone differs from oxygen chemically in its stronger oxidizing 
properties: under the action of ozone a shining silver plate blackens 
rapidly, being covered with a layer of silver peroxide Ags202; metal 
sulphides are oxidized to the sulphates; a piece of paper moistened 
with turpentine will burst into flame; many dyes are discoloured. 
During these reactions the ozone molecule loses one oxygen atom, 
turning into ordinary oxygen. 

Ozone will displace iodine from a solution of potassium iodide: 


2KI+ H.0 +0,=1,+2KOH +0, 


If a piece of paper moistened with a solution of potassium iodide 
and starch solution is brought into contact with air containing ozone 
the paper immediately turns blue. This reaction is used for the detec- 
tion of ozone. 

A potent oxidizing agent, ozone kills bacteria and is therefore used 
to disinfect water and air. 

Ozone is constantly forming in small quantities in the atmosphere 
as a result of electrical discharges. Ozone may form also during 
various oxidation processes, for instance, during the oxidation of 
moist phosphorus, turpentine, resinous substances, etc. The latter 
accounts for the presence of ozone in the air of coniferous forests; 
this air is especially beneficial, since it contains no bacteria. 

117. Oxides and Hydroxides. Compounds of oxygen with other 
elements are called oxides. 

Very many oxides (SOs, P05, MgO, etc.) are obtained by direct 
union of the elements with oxygen. 

The combustion of complex substances also usually leads to the 
formation of oxides of the elements constituting the substances burnt. 
For instance, the combustion of methane CH, results in the oxidos 
of carbon and hydrogen: 


CH, + 20,= C0, + 2H,0 


Oxides may form also in other reactions involving substances 
which contain oxygen. Thus, when sulphuric acid is heated with 
charcoal, sulphur dioxide, carbon dioxide and water are formed. 


2H,50,+C=250,+ C0, +2H,0 


Almost all the elements form oxides in one way or another. The 
only exceptions are the inert gases contained in air, which do not 
combine with any elements. 

The physical properties of oxides are exceedingly diverse. At 
ordinary temperatures most oxides are solids, comparatively few 
gases and some, liquids. The specific gravities, melting points and 
boiling points of oxides also vary over a very wide range. 
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Of the chemical properties of oxides attention must be drawn first 
of all to their attitude towards water. The majority of oxides combine 
directly or indirectly with water, forming compounds known by the 
generic name of hydroxides or hydrated oxides. When heated, almost 
all the hydroxides decompose into the oxide and water. Hydrated 
oxides belong to various classes of inorganic compounds; some of 
them are acidic in nature and belong to the acid class, others are 
bases and still others are amphoteric. 

The classification of oxides is based on their attitude towards water 
and on the differences in the properties of the hydroxides they form. 
They can all be divided into the following five groups: 

1. Acid Ozides. Acid oxides are those whose hydrates are acids. 
This group includes the oxides of non-metals and some of the highest 
oxides of metals (such as CrO 3s, Mns207, etc.). Many acid oxides com- 
bine directly with water to form acids. For instance, the reaction 
between the oxide of hexavalent sulphur and water results in the 
hydrated oxide, known as sulphuric acid; the oxide N,0; combined 
with water gives nitric acid HNOs, etc. Hydrates of acid oxides 
which do not combine directly with water can be obtained indirectly. 

The chief distinguishing feature of acid oxides is their capacity for 
interacting with alkalis to form salts. For example: 


CO0,4-2NaOH =Na,C0, 4 H,0 


Acids, as a rule, do not act on acid oxides, and in the few cases 
where such a reaction takes place, it does not lead to the formation 
of a salt (cf. reaction between HF and SiO, p. 318). 

2. Basic Oxides. This group includes oxides whose hydrates are 
bases. 

Only the oxides of the most active metals, namely, potassium, 
sodium, calcium and several others, can combine directly with water 
to form soluble bases, known as alkalis. The majority of basic oxides, 
on the other hand, do not react with water. The hydroxides (bases) 
corresponding to these oxides are insoluble in water and are prepared 
by the action of alkalis on the salts of the corresponding metals. For 
example: 

CuSO, + 2NaOH = {} Cu (OH), + Na,S0, 
or 
Cu + 20H’ = { Cu (OH); 


Basic oxides are formed by metals. 
All basic ozides react with acids to form salts. For example: 


MgO 4- H.S0,=MgS0,-+ H,0 
or 
MgO + 2H: = Mg-- + H,0 


Basic oxides do not react with alkalis. 
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3. Amphoteric Ozides. Amphoteric oxides are those possessing the 
properties of both acid and basic oxides. They behave like basic 
oxides with respect to acids, dissolving in them to form salts; at 
the same time, they dissolve also in alkalis, again forming salts. 
An example of an amphoteric oxide is zinc oxide. With acids it 
gives salts of these acids: 


ZnO + 2HCl=ZnCl, + H,.0 


The reaction between zinc oxide and alkalis is usually represented 
by the equation: 


ZnO 4+-2NaOH = NaZn0, 4+ H,0 


However, the salt produced by this reaction, called sodium Zincate, 
actually has a somewhat different structure (see § 233). 

The hydroxides of amphoteric oxides are also of a dual nature, 
Possessing the properties of acids and bases (see § 94). 

The most important property of the three groups of oxides dis- 
cussed above is their ability to form salts: acid oxides form salts 
with alkalis; basic, with acids; amphoteric, with either of them. 

Therefore, all oxides belonging to the first three groups are united 
under the general name of salt-forming oxides. 

4. Indifferent Ozides. Besides salt-forming oxides, there is another 
Small group of oxides which form hydroxides neither directly nor 
indirectly and do not react with acids or alkalis. Such oxides are 
termed indifferent. An example of such an oxide is nitric oxide NO. 

9. Perovides. The so-called peroxides form a separate group of 
oxides. While the oxygen in ordinary oxides is chemically linked 
directly to the other elements, in peroxides the oxygen atoms are 
lied not only to the atoms of other elements but between themselves 
as well. Peroxides may be regarded as belonging to the oxide class 
only formally; essentially, they are salts of a very weak acid, namely, 
hydrogen peroxide. 

118. Hydrogen Peroxide H,0,. Pure hydrogen peroxide is an almost 
colourless syrup-like liquid with a specific gravity of 1.46, solidi- 
fying at —1.7° C into needle-like crystals. It is a very unstable sub- 
stance capable of decomposing eruptively into water and oxygen 
with the evolution of a great amount of heat: 


2H,0,=2H,0 4-04-46 Cal. 


Aqueous solutions of hydrogen peroxide are more stable and can be 
kept for quite a long time in a cool place. Heat and light greatly 
accelerate their decomposition: bubbles of oxygen begin to separate 
out of the solution and at length only pure water remains. 

The decomposition of hydrogen peroxide is accelerated also by 
various catalysts. If, for instance, a little manganese dioxide MnO, 


22_881 


sm . Chapier HV, The Onypes Urmap 


Is added to a test tube coutalning hydrogen peroxide solution, a 
violent reaction vosues with oxygen escaping. At the maine time 
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hydrogen peroxide, Such arv, for Instance, certain salle of phosphoric 
acid. 

Hydrogen glide Is formed as an Intermediate product during 
the combustion of hydeogen, but owing to the high temperature 
of the hydrogen flame It decomposes immediately Into water and 
be. fowever, if a hydrogen flame is allowed to play on @ piece 
of Ice, traces of hydrogen peroxide can be detected In tho water 
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Ojion is the oxidant and TI-ion the reductant. Much less often, 


only during reactions with very strong oxidants, hydrogen peroxide 
may manifest reducing properties. For instance, the reaction between 
hydrogen peroxide and chlorine takes place as follows: 


2e- 


[] | 
Cl, + H,0:=2HCl+ 0; 


In this case O’-ion is the reducing agent. Losing two electrons 


to the chlorine atoms, it is converted into electrically neutral Os 
molecules. 

The rather wide practical application of hydrogen peroxide is 
based on its oxidizing properties. Acting as an oxidant on various 
dyes, it is an excellent means of bleaching fabrics, straw and other 
materials; though decomposing the dyes, hydrogen peroxide hardly 
acts at all on the material being bleached. 

Hydrogen peroxide is used also to refresh old pictures painted 
with oil colours and darkened with age due to transformation of the 
white lead into black lead sulphide under the action of traces of 
hydrogen sulphide contained in the air. 

When the pictures are washed with hydrogen peroxide the black 
lead sulphide is oxidized into white lead sulphate: 

PhS + 4H 0, = PhSO, 4+-4H,0 
II +VI 
1| S—8e- = S 
40,4227 =207-- 


Highly concentrated (85 to 90 per cent) hydrogen peroxide is used 
in mixture with certain combustible materials to produce explo- 
sives. A dilute (usually 3 per cent) solution of hydrogen peroxide is 
used in medicine as a disinfectant for washing wounds, as a 
gargle, etc. 


SULPHUR (Sulfur): at. wt. 32.066 


119. Sulphur in Nature. Preparation of Sulphur. Sulphur occurs 
in nature both in the free state, as “native” sulphur, and in the form 
of various compounds. 

Deposits of native sulphur have been found in the Soviet Union in 
the Kara-Kum Desert of Turkmenia. Sulphur deposits occur also in 
the Uzbek S.S.R., in the Caucasus, on the Kerch Peninsula and at 
several points on the Volga. The largest sulphur deposits in other 
countries’are those of the U.S.A., Italy and Japan. 

Compounds of sulphur with various metals are very abundant. 
Many of them are valuable ores. used for the extraction of non- 
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ferrous metals (for example, lead glance PbS, zinc blende ZnS, copper 
glance CusS, etc.). 

Certain salts of sulphuric acid are also widely dispersed. Thus the 
calcium salt, CaSO;,, is found in nature as the minerals gypsum and 
anhydrite, which in some places form whole mountains. The magne- 
sium salt, MgS0;,, is contained in sea water and together with MgCl, 
accounts for its characteristic bitterish taste. Finally, sulphur goes 
to make up many of the substances found in plants and animals. 

ke total sulphur content in the earth’s crust is around 0.10 per 
cent. 
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Fig. 82. Sulphur kiln 


Native sulphur usually has a higher or lower content of foreign 
substances. ‘To separate sulphur from its impurities, use is made of 
its ability to fuse readily. Sulphur is melted out of its ores by various 
methods. The choice of the method to be used in each case depends 
largely on the sulphur content in the ore, as well as on the composi- 
tion and properties of the gangue. 

The oldest method of melting out sulphur is heating it to its melt- 
ing point at the expense of the heat evolved due to combustion of the 
sulphur itself or of some other fuel. This method is used to a certain 
extent in countries possessing large reserves of sulphur ores, for 
instance, in Italy. 

Figure 82 is a diagram of one of the simplest (single-cell) sulphur 
kilns. It is a roofless chamber built of stone with its lloor sloping 
down toward the front wall. At the bottom of the front wall is an 
outlet for the molten sulphur, plugged up with a thin partition of 
plaster of Paris. The kiln is charged with ore by hand, leaving air 
channels between the lumps of ore in all directions. The kiln is 
filled with ore, forming a cone at the top, which is covered with a 
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layer of burnt-out ore from the previous batch and coated with plas- 
ter of Paris or clay. The kiln is fired with bunches of straw, brush- 
Wood, etc. 

When the sulphur starts burning, beginning from the upper layers 
of the ore, part of the sulphur melts and seeps down through the 
mass of ore to the bottom layers, and part of it sublimates. In the 
course of a melt the combustion zone keeps gradually descending. 


Superheated 
water 


Melted 
sulphur 


Fig. 83. Autoclave for Fig. 84. Extractor 
melting sulphur: used in sulphur 


1—upper hatch; 2—outlet; wells 
3—lower hatch 


One melt takes 6 to 8 days to complete, after which the partition 
closing the sulphur outlet is pierced and the molten sulphur flows 
out of the kiln. 

Four- and six-cell kilns, based on the same principle as the 
single-cell, are better than the latter, as they utilize the heat pro- 
duced by the burning sulphur more fully. 

Another method of melting sulphur, employed mainly in the 
U.S.S.R., consists in heating the concentrated ore in autoclaves 
with superheated steam. The autoclaves used for this purpose (Fig. 
83) are steel cylinders calculated to resist a pressure of up to six atm. 
‘Three to four tons of ground ore mixed with a small quantity of water 
are loaded into the autoclave through upper hatch 1; then super- 
heated steam is passed into it, heating the ore to 140°-150° C. 

Each melt takes about three hours. The molten sulphur is then 
forced out under pressure through outlet 2 at the bottom, laundered 
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to box trucks, and thence into moulds; the steam is let out through 
a hatch at the top and the residual gangue is discharged through 
hatch 3 in the bottom, 

Of great interest is the Frasch process, widely used for sulphur 
mining in the U.S.A. 

By this process the sulphur is melted underground, right in the 
deposit, by means of superheated water, delivered under a pressure 


Fig. 85. Sulphur distillation furnace: 
1—boiler for melting sulphur; 2—stoker; 3—retort; 4—chamber; 
5—aperture for tapping molten sulphur 


of 10 to 18 atm. through a system of three concentric pipes (see 
Fig. 84). Water at a temperature of about 170° C is pumped into 
the space between the outer and middle pipes, while hot compressed 
air is forced down through the inner pipe, to raise the molten sul- 
phur to the surface. Excess water is removed through wells located 
some distance away from the sulphur wells. 

Sulphur melted out of ores usually contains many impurities and 
is called brimstone. It is refined by distillation. 

Fig. 85 shows a diagram of an arrangement for distilling sulphur. 
The sulphur is melted in an iron boiler 72 by hot gases coming out of 
stoker 2; the heavy admixtures deposit at the bottom of the boiler, 
while the molten sulphur drains into a cast-iron retort 3 where it 
is heated to boiling. The sulphur vapour passes into a large masonry 
chamber 4. At first, while the chamber is still cold, the sulphur 
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Vapours condense directly into the solid state and deposit on the 
chamber walls in the form of a light-yellow powder termed flowers 
of sulphur. After the temperature of the chamber has risen above 
120° C, the sulphur begins to condense into aliquid which is drawn 
off through opening 5 into wooden moulds where it solidifies into 
rods. Sulphur obtained in this Way is known as lump or rod sulphur. 

Considerable quantities of sulphur are obtained also by reducing 
sulphur dioxide with coal when smelting copper from sulphide ores. 

The world production of sulphur (without the U.S.S.R.) is at 
present about 4 million tons per year. 


Fig. 86. Rhombic sulphur Fig. 87. Monoclinic Fig. 88. Preparation 
crystals Sulphur crystal of plastic sulphur 


120. Properties and Uses of Sulphur. Sulphur is one of the elements 
capable of existing in the free state in several allotropic modifica- 
tions. 

Pure native sulphur is a solid yellow crystalline Substance, 
having a specific gravity of 2.07 and a melting point of 119. 8°C. It is 
insoluble in water but dissolves readily in carbon disulphide, ben- 
zene and some other liquids. If such solutions are evaporated, sul- 
phur is deposited as transparent yellow crystals of the orthorkombic 
system having the form of octahedra usually with bevelled corners or 
edges (Fig. 86). This sulphur is called rhombic. The rod sulphur 
usually found on the market consists of the same crystals but they 
are very minute and poorly formed. 

An entirely different crystal form is obtained when melted sulphur 
is cooled slowly in a vessel until partly solidified and then the portion 
still in the liquid form is poured off. The sides of the vessel will then 
be found to be covered on the inside with a mass of long, dark-yellow, 
needle-like crystals of the monoclinic system (Fig. 87). This mono- 
clinic sulphur has a specific gravity of 1.96 and melts at 119° C. 
Hewever, it will remain unaltered only at temperatures above 96° C. 
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At ordinary temperatures crystals of monoclinic sulphur soon become 
lighter in colour and acquire all the properties of rhombic sulphur. 
Though externally these crystals continue to retain their prismatic 
form they now consist of minute octahedric crystals into which they 
fall apart if shaken. Their melting point and specific gravity become 
equal to those characteristic of rhombic sulphur. 

Sulphur undergoes some very interesting changes if heated slowly 
to the boiling point. At 112.8° Cit melts, turning into a yellow mobile 
liquid. Upon further heating the liquid darkens, acquiring a reddish- 
brown colour, and at about 250° C becomes so thick that for some 
time the vessel can beinverted without the sulphur pouring out. 
Above 300° C the liquid sulphur again becomes mobile but its colour. 
remains dark. At length, at 444.6° C sulphur begins to boil giving 
off an orange-yeliow vapour. When cooled, the same phenomena are 
repeated in the reverse order. 

If molten sulphur heated to boiling is poured in a thin stream 
into cold water it turns into a soft rubbery brown mass which can 
be drawn out into threads (Fig. 88). This modification is called plastic 
sulphur. Plastic sulphur becomes brittle after a few hours, acquires 
a yellow colour and turns gradually into rhombic sulphur. 

Besides the three modifications of sulphur described above, some 
others are known, which we, however, shall not discuss. They are all 
unstable and change quite rapidly into rhombic sulphur. That is why 
sulphur occurs in nature only in the rhombic form. 

Determinations of the molecular weight of sulphur by the lowering 
of the freezing point of its benzene solutions lead to the conclusion 
that in these solutions the sulphur molecules consist of eight atoms 
each (Ss). Sulphur crystals are evidently made up of similar mole- 
cules. Thus, the difference in properties of the crystalline modifica- 
tions of sulphur is due to dissimilar structure of the crystals (poly- 
morphism) and not to their molecules containing different numbers 
of atoms (as in oxygen and ozone molecules). 

At low temperatures sulphur vapours consist mainly of Ss mole- 
cules and above 800° C, of Ss» molecules. 

Molten sulphur probably consists of Ss and Ss molecules in equilib- 
rium with each other. The higher the temperature, the more Ss 
molecules are formed. This accounts for the changes in properties of 
molten sulphur when heated. Tf sulphur, heated almost to the boiling 
point, is cooled rapidly, the Ss molecules do not have time to change 
into Ss molecules and plastic sulphur results, gradually passing into 
crystalline sulphur. 

In chemical properties sulphur is a typical non-metal. It will 
combine directly with many metals, such as copper, iron, zinc, etc., 
evolving considerable quantities of heat. Sulphur combines also 
with almost all the non-metals but far less readily and vigorously 
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than with metals. With oxygen sulphur gives several oxides, the two 
most important being S50; and SO ;, the anhydrides of sulphurous and 
sulphuric acids, H2SO03 and HsSO;, respectively. The compound 
between sulphur and hydrogen—hydrogen sulphide gas, Hs5— 
also possesses acidic properties in aqueous solution. 

Sulphur is widely used in the national economy. Flowers of sul- 
phur is employed in great quantities to destroy certain orchard pests. 

Sulphur is used in the rubber industry to toughen and harden 
rubber; rubber acquires its valuable properties, namely resilience, 
elasticity, etc., only after being mixed with sulphur and heated 
to a definite temperature. This process is known as vulcanization. 

Rubber containing a large quantity of sulphur is called ebonite. 
It is a solid and a very good electrical insulator. Then sulphur is used 
to prepare black gunpowder, matches, Bengal lights, ultramarine 
(a blue dye), carbon disulphide and many other products. In countries 
with large resources of sulphur it is also employed asa raw material 
for the production of sulphuric acid. Sulphur is used in medicine for 
treating certain skin diseases. 

121. Hydrogen Sulphide HS. At a high temperature sulphur com- 
bines directly with hydrogen, forming hydrogen sulphide gas. 

In practice hydrogen sulphide is usually prepared by the action 
of dilute acids on the metal sulphides, e.g., on iron sulphide: 


FeS + 2HC] =FeCl, + HS 


Hydrogen sulphide is a colourless gas with a characteristic odour 
resembling that of rotten eggs. It is a little heavier than air, liquelies 
at —60.7° C and solidifies at —85.6° C. In the air hydrogen sulphide 
burns with a bluish flame to form sulphur dioxide and water, i.6., 
the oxides of the elements constituting it: 


14 +IV 
2H,S + 30, =2H 0 4- 250; 
=II +IV 
2| § —6e-= 5S 


IT 
3l0,+4e- = 20 


If a cold object of some kind, say, a porcelain dish, is introduced 
into a hydrogen sulphide flame, the temperature of the flame decreases 
considerably and the hydrogen sulphide is oxidized only to free 
sulphur which forms a yellow deposit on the dish: 


2H,S + 0: =2H,0 + 2S 
Hydrogen Sulphide is very inflammable; mixed with BIL. it is 
explosive. Hydrogen sulphide is very poisonous. Prolonged inhalation 


of air containing the gas even in small quantities causes serious 
poisoning. 


121. Hydrogen Sulphide 347 


Hydrogen sulphide is soluble in water. At 20° C one volume of 
water will dissolve two and a half volumes of hydrogen sulphide. 
A solution of hydrogen sulphide in water is called hydrogen sulphide 
water. If left standing in the air, especially in the light, hydrogen 
sulphide water soon becomes turbid due to the precipitation of sul- 
phur. This takes place as a result of oxidation of the hydrogen sulphide 
by the oxygen of the air (see previous reaction). A solution of hydro- 
gen sulphide in water turns blue litmus red and in general possesses 
acidic properties. This acid, often called hydrosulphuric acid, 
is dibasic, as both hydrogen atoms in the HS molecule can be dis- 
placed by metallic atoms to form sulphide salts. For instance, if hy- 
drogen sulphide is passed through a solution of sodium hydroxide, 
the result is sodium sulphide, a soluble salt of hydrosulphuric acid: 

2NaOH -- H,S = NaS 4- 2H,0 

Tf hydrogen sulphide is present in excess, for instance, if it is passed 
through the solution to saturation, the acid salt—sodium hydrogen 
sulphide—results: 

NaOH + HS = NaHS 4- H,0 

Hydrosulphuric acid is a very weak acid. Its degree of ionization 
in 0.1 N solution is only 0.07 per cent. It ionizes mainly according 
to the equation 

HS 2 H' + HS’ 
but at the same time a very small amount of S”-ion forms as well: 
HS’ 2 H: +S" ্ট 

Hydrogen sulphide is characterized by a highly pronounced re- 
ducing ability. The reducing properties of hydrogen sulphide are due 
to the fact that S”-ion loses its electrons readily to form neutral 
sulphur atoms. The hydrogen sulphide which is continually forming 
in nature due to the decay of organic substances, doesnot accumulate 
in the air in any perceptible amounts, as the oxygen of the air soon 
oxidizes it to free sulphur. 

Hydrogen sulphide is oxidized even more readily by the halogens, 
reducing them to hydrohalic acids. For instance: 

2e- 


| {| 
HS + Br,=2HBr +S 


In general, all oxidants, including even comparatively weak ones, 
oxidize hydrogen sulphide rapidly to form sulphur; thus hydrogen 
sulphide is one of the most active reducing agents. 

Hydrogen sulphide occurs in nature in volcanic gases and in the 
waters of mineral springs; for instance, in the U.S.S.R. it is found 
in the Caucasus (Pyatigorsk and Matsesta), at Staraya Russa and 
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in other places. Besides, it forms continually due to the decay otf 
the proteins in animal carcases and dead plants, as well as the rot- 
ting of all kinds of wastes; for this reason cesspools, drainage Waters, 
garbage piles, etc., often spread the odour of hydrogen sulphide. 
Especially large quantities of hydrogen sulphide are formed during 
the rotting of egg albumen, which accounts for the characteristic 
odour of rotten eggs. 

122. Metal Sulphides. The salts of hydrosulphuric acid are called 
sulphides. They can be obtained by the direct union of metals with 
sulphur. For instance, if heat is applied to one point of a mixture 
of iron filings and sulphur, the reaction of combination thus initi- 
ated between the iron and the sulphur will progress of its own 
accord, accompanied by the evolution of a large amount of heat 
and the formation of iron sulphide: 


Fe+S= FS + 22.8 Cal. 


Many sulphides can be obtained by the action of hydrogen sulphide 
on aqueous solutions of the salts of the corresponding metals. For 
instance, if hydrogen sulphide is passed through a solution of any 
copper salt, a black precipitate of cupric sulphide immediately 
appears: 

CuSO, + HS = }CuS + H,S0, 
or in the ionic form 
Cu‘ + HS= }CuS + 2H: 


The precipitate is insoluble not only in water but in dilute acids 
as well. Tf the precipitate were soluble in dilute acids it would not 
form at all, as can be seen from the equation, since the reaction 
leads to the formation of hydrogen-ion. The attitude of Silver, lead, 
mercury and some other metal salts to the action of hydrogen sul- 
phide is similar to that of copper salts. 

But if hydrogen sulphide water is added to a solution of an iron 
salt, no precipitate will appear. Iron sulphide dissolves in. dilute acids 
liberating hydrogen sulphide, and as hydrogen-ion is formed together 
with the iron sulphide during the reactions, the former reacts with 
FeS to form hydrogen sulphide and ferrous-ion again. Thus, the 
reaction between hydrogen sulphide and iron salts is reversible and 
leads to a state of equilibrium: 


Fe-- +- H,S = FeS 4-2H- 


which is shifted practically completely towards the formation of 
hydrogen sulphide and ferrous-ion. 

To make the reaction go from left to right, the hydrogen-ion formed 
must be continuously removed. This can be achieved by adding an 
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alkali to the solution. The hydroxyl-ion will then bind the hydro- 
gen-ion and the reaction will go to completion towards the right. 

An even simpler method is to treat the ferric salt with a soluble 
sulphide instead of hydrogen sulphide, say, NasS; then no hydrogen- 
ion will form at all during the reaction, and the iron sulphide will be 
thrown down directly as a black precipitate: 


FeSO, + NaS = {FeS + Na2S0., 


or 
Fe-- +S" = JFeS 


Manganese and zinc sulphides, which are insoluble in water but 
soluble in dilute acids, can be obtained in a similar manner. 

Finally, there are sulphides such as NaS, K25, which are soluble 
in water. They cannot, obviously, be obtained from the corresponding 
salts by the action of hydrogen sulphide or any other sulphides. 

The difference in solubility of sulphides is utilized in analytical 
chemistry for successive precipitation of metals from the solutions 
of their salts. 

Being salts of a very weak acid, sulphides hydrolyze readily. For 
instance, sodium sulphide hydrolyzes almost completely when dis- 
solved in ‘water, forming the acid salt: 


NaS + H,0 = NaHS + NaOH 
S’4-H,0 = HS’ + 0H’ 


Hydrogen sulphide can also react directly with some of the metals 
to form sulphides. 

For instance, if a silver coin is immersed in hydrogen sulphide 
water it immediately turns black, due to the formation of silver 
sulphide on its surface. The oxygen of the air participates in this 
reaction, which takes place according to the following equation: 


4Ag-+- 2H, -- 0:=2AgS 4 2H0 


For this reason silver and copper objects very soon become coated 
with a dark film if left in air containing hydrogen sulphide. 


Metal Polysulphides. If a solution of any suphide, say, NasS, is shaken with 
sulphur, the latter dissolves, and if the solution is then evaporated, the residue 
will be found to contain, besides NasS, compounds of variable composition from 
NasS, to NasSs. Such compounds are known as polysulphides. 

“When sulphur is fused with soda ash or potash, the result is also a mixture 
of polysulphides. This product was known to the alchemists as liver of sulphur. 

Polysulphides decom pose under the action of acids, liberating hydrogen 
sulphide and free sulphur, for instance: 


NaS, 2HClI=2NaCl 4- HS 4-35 
If, on the other hand, sodium or potassium REE are added gradually 


to concentrated hydrochloric acid, hydrogen sulphide is not evolved, but a 
yellow oily liquid accumulates at the bottom of the vessel. This liquid contains 
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various hydrogen polysulphides and from it HS, HS, and others can be isolat- 
ed. Hydrogen polysulphides are unstable, and gradually decompose in the air 
into hydrogen sulphide and sulphur. 

The structure of the hydrogen polysulphides is probably analogous to that 
of hydrogen peroxide. For instance, the structure of hydrogen trisulphide HsSs 
may be represented as: 


The ordinary structural formula of this compound is: 
H—S—S—S—H 


Sulphides find wide application in the dye industry, as well as 
in the leather industry, where a mixture of potassium and sodium 
sulphides with lime is used to remove the hair from skins. Poly- 
sulphides are used for the manufacture of certain kinds of synthetic 
rubber. 

123. Sulphur Dioxide SO; and Sulphurous Acid H2SO03. Sulphur 
diozide, called also sulphurous anhydride or sulphurous acid gas, 
forms directly from sulphur and oxygen during the combustion 
of sulphur in air or oxygen. It can be obtained also by calcining 
(“roasting”) various metallic sulphides in air: for instance,in the 
case of pyrite: 

4FeS, + 110, =2Fe,0, 4- 850, 


This is the reaction usually employed for the production of sul- 
phur dioxide in industry. 

Sulphur dioxide is a colourless gas with the commonly known 
pungent odour of burning sulphur. It condenses quite readily into 
a colourless liquid with a boiling point of —10° C. Evaporation 
of uo FED dioxide causes a sharp drop in temperature (down 
to —590° C). 

Sulphur dioxide is very soluble in water. At 20° C one volume 
of water will dissolve 40 volumes of sulphur dioxide which partly 
reacts with the water to form sulphurous acid: 5 


50,+H,0  H,SO, 


Under the action of heat the equilibrium of this reaction shifts 
to the left owing to the decrease in solubility of the sulphur dioxide 
and the sulphur dioxide escapes gradually from the Solution. ; 

Sulphur dioxide is used for bleaching straw, Wool, silk, and as 
a disinfectant for killing the germs of many microorganisms; sulphur 
dioxide is used for fumigation to destroy mould fungi in damp cellars 
and basements, wine barrels, fermentation tanks, etc. 

Sulphurous acid H2SOs is a very unstable compound. It is known 
only in aqueous solution. Any attempt to isolate sulphurous acid 
from water or obtain it in the pure form in any other Way results 
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in its decomposing into sulphur dioxide and water. For instance, 
when concentrated sulphuric acid acts on sodium sulphite, sulphur 
dioxide is liberated instead of sulphurous acid: 


Nas80, + H.S0,= Na,S0, + SO, 4+ H.0 


Solutions of sulphurous acid must be kept in airtight vessels, 
otherwise they absorb oxygen from the air and are oxidized quite 
rapidly into sulphuric acid: 

2H,50, 4-0, =2H,S0, 

Being readily oxidized, sulphurous acid is a good reductant. For 

instance, the free halogens are reduced by it into hydrohalic acids: 


SEE) VI -1 
H.S0, + Cl, + H.0 = HS0, 4 2HC1 
or in the ionic form ) 
S04 Cl, + H0.=5S0 4-201 + 2H- 


However, sometimes sulphurous acid may play the part of an 
oxidant, for instance, when it reacts with such an active reducing 
agent as hydrogen sulphide: 


Lec 
\ | 
H,S0, + 2H,S=35 + 3H,0 

In this case the positive tetravalent sulphur atoms (in the H S03 
molecules) abstract electrons from the negatively charged S” ions, 
with the result that they both turn into electrically neutral sulphur 
atoms. 

Sulphurous acid is dibasic and forms two series of salts, neutral 
and acid. If sulphur dioxide is passed through a solution of an alkali, 
say, sodium hydroxide, to saturation, the acid salt results: 

NaOH -+ 50,= NaHSO, 


Tf the alkali is present in excess the normal salt forms. 

The normal salts of sulphurous acid are called sulphites, and the 
acid salts—acid or hydrogen sulphites.* 

Like free sulphurous acid, sulphites are readily oxidized by the 
oxygen of the air into sulphates, salts of sulphuric acid. When heated, 
sulphites decompose to form sulphides and sulphates (reaction of 
self-oxidation and self-reduction): 


4Na,SO, =NazS + 3Na,S0, 


+IV “VI 

ll SNS: — 28 —B 
1 +IV -II 

( S + 627 =5S 


* Bisulphites according to the old nomenclature. 
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Some of the salts of sulphurous acid are of great industrial impor- 
tance and are prepared in large quantities. Sodium hydrogen sulphite 
NaHSOs; is used under the name of antichlor to destroy traces of 
chlorine in bleached fabrics, as it reduces chlorine to hydrogen 
chloride: 

NaHS0,-- Cl, + H,0 = NaHS0, + 2HCIl 


Calcium acid sulphite (or calcium bisulphite) Ca(HSO 3)» is used 
for treating wood to convert it into what is known as sulphite pulp, 
from which paper is produced. 

124. Thiosulphuric Acid Hs,S,0:. If an aqueous solution of NasS0; 
is boiled with sulphur and cooled after filtering off the excess sulphur, 
colourless crystals of a new substance separate from the solution. 
This substance is the sodium salt of thiosulphuric acid HsSs503 and 
has the formula NasS20s3.-9H,0. Thiosulphuric acid may be regarded 
as sulphuric acid in which one oxygen atom has been substituted 
by a sulphur atom. 

Substances obtained from ordinary acids by substituting sulphur 
for all or part of the oxygen in them are classed as thioacids and 
the corresponding salts are called thiosalts. That is why HsS20; 
is now known as “thiosulphuric acid” instead of “hyposulphurous 
acid” as it was called formerly. 

Thiosulphuric acid has not been obtained in the free state, 
but many of its salts are known, these salts being called thiosul- 
phates. The most widely used of them is sodium  thiosulphate 
NasS203 -5H20, more commonly known under the incorrect name of 
“hyposulphite” or just “hipo”. 

In industry sodium thiosulphate is usually prepared by oxidizing 
polysulphides with atmospheric oxygen. For instance: 


2Na,S24- 30, =2Na,S,0, 


Il an acid, say, hydrochloric, is added to a solution of sodium 
thiosulphate, the odour of sulphur dioxide appears, and after some 
time the liquid becomes turbid, due to the liberation of sulphur. 


ARPES; the first step consists in the formation of thiosulphuric 
acid: 


NaS,0,-- 2HCI= HS.0, 4- 2NaCl 
which, however, very soon decomposes according to the equation 
H.S,0,= H,0 + S50, +S 


The entire reaction may be represented in the ionic form by the 
following equation: ৭ 


S028: =S0,+ S++ H,0 


te 
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A study of the properties of sodium thiosulphate shows that its 
sulphur atoms have different valencies: one of them should be re- 
garded as having a valency of 6 while the valency of the other is —2. 
Therefore, the structural formula of sodium thiosulphate is as follows: 


Mir SL 
NGLEESL ARNO 
Hence, the formation of sodium thiosulphate by boiling a NasSOs 
solution with sulphur takes place according to the equation: 
Na;S0, + S= NaS203 
‘or 
S0;:4+5=5,0; 


which is an oxidation-reduction reaction. The oxidant is free sulphur 
and the reductant SOf-ion. In oxidizing the S atoms of the latter 


from a valency of +4 to +6, the electrically neutral sulphur atoms 
are themselves reduced, their valency falling from 0 to —2 


0 -II 
5+2e- =5S 
+IV +VI 
S —2e- =5S 
—II 


The presence of bivalent sulphur S in the sodium thiosulphate 
molecule accounts for the reducing properties of the latter. Chlorine, 
for instance, is reduced by sodium thiosulphate to hydrogen chloride 
according to the equation: 


Cl, 4 NaS,0,-+ H,0 =2HCl-+-S 4 Na,S0, 
Cl, + 287 = 2017 


TL 0 
S —2e- =5 


If chlorine is present in excess, the sulphur liberated at first may 
be oxidized to sulphuric acid: 


S 4 301, + 4H,0 = H,S0, 4+ 6HCl 


The use of sodium thiosulphate in the earlier types of gas masks 
for the absorption of chlorine was based on this reaction. 

Sodium thiosulphate is used in large quantities in photography for 
fixing developed plates and paper, as it dissolves silver chloride and 
bromide. 

125. Sulphur Trioxide SOs. Sulphur dioxide unites with oxygen to 
form sulphur trioxide. Under ordinary conditions the direct combina- 
tion of sulphur dioxide with oxygen takes place very slowly. The 


23_881 
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reaction goes on much more rapidly and readily at a high temperature 
and in the presence of certain catalysts, such as finely divided plati- 
num, oxides of vanadium, iron, chromium and others. 

Small quantities of sulphur trioxide can be prepared in the lab- 
oratory with the arrangement shown in Fig. 89. Oxygen and sulphur 
dioxide are dried by being pressed through a three-necked Jaz 4 
containing concentrated sulphuric acid. From here the gas mixture 
enters tube 2 containing platinized asbestos (asbestos coated with 


Sulphur | 
dioxide 


Fig. 89. Arrangement for preparation of sulphur trioxide; 
1— three-necked jar; 2—reaction tube; $—flask; 4—absorption jar 


very finely divided platinum) and heated by a gas burner. The oxygen 
combines with the sulphur dioxide: 


250,40, = 280, 


The sulphur trioxide gas formed passes together with the excess 
gases into flask 3 cooled with ice. Part of the sulphur trioxide con- 
denses here, and the rest passes into jar 4, where it combines with 
water to form sulphuric acid. 

Pure sulphur trioxide is a colourless, very mobile liquid with a 
specific gravity of 1.92, boiling at 44.8° C and freezing at 16.8° C 
into a transparent crystalline mass. Upon standing, especially in the 
presence of traces of moisture, the latter changes into long silky 
crystals which sublimate at 50° C without melting. This second 
modification of sulphur trioxide has a molecular weight corresponding 
to the formula (SOs),. fl 

Sulphur trioxide combines avidly with water evolving a large 
amount of heat and forming sulphuric acid: 


S0, 4+ H.0 = H,S0,--21 Cal. 


126. Sulphuric Acid H+SO,. Pure sulphuric acid is a colourless 
oily liquid which freezes at 10.5° C into a solid crystalline mass. When 
heated, anhydrous sulphuric acid (the so-called “monohydrate”) 
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splits off SOs. This reaction continues until a solution containing 
98.3 per cent H2S0;, results, this solution boiling at 338° C with no 
further change in composition. 

The concentrated acid on the market usually contains 96.5 per 
cent H:SO; and has a specific gravity of 1.84. Due to its oily ap- 
pearance sulphuric acid is sometimes called oil of vitriol. This name 
dates back to the time when sulphuric acid was prepared by calcin- 
ing green vitriol. 

Sulphuric acid is capable of dissolving considerable quantities of 
sulphur trioxide. Such solutions are known as oleums. From them a 
solid compound of sulphuric acid and sulphuric trioxide can be 
isolated, called pyrosulphuric acid, H2S207. 

When dissolved in water, sulphuric acid liberates a large amount 
of heat (19 Cal. per mole of acid) due to the formation of hydrates. 
The latter can be isolated in the solid form from the solution at 
low temperatures. The hydrate H2S0,.2Hs0 melts at—38° C and 
HsSO0 ,-4H20, at —27° C. 

Sulphuric acid absorbs water vapour avidly, and is therefore often 
used for drying gases. Its capacity for absorbing water also accounts 
for the charring of many organic substances, especially carbohydrates 
(cellulose, sugar, etc.), by concentrated sulphuric acid. Hydrogen 
and oxygen are contained in carbohydrates in the same weight ratio 
as in water. Sulphuric acid abstracts the elements of water from the 
carbohydrates, leaving the carbon as charcoal. Due to the low volatil- 
ity of sulphuric acid, it is often used to displace other more volatile 
acids from their salts. 

Sulphuric acid is a rather aclive ozidant; its oxidizing properties 
manifest themselves in reactions with many substances. 

Strictly speaking, any acid may manifest oxidizing properties, 
as it always contains hydrogen-ion, which is capable of abstracting 
electrons from other substances. For instance, when zinc is treated 
with hydrochloric acid, the hydrogen-ion abstracts electrons from 
the neutral zinc atoms, changing them into positively charged ions, 
i,e., oxidizing them: 

by Zn + 2HCI=7Zndl, + HM, 
or in the ionic form 


2e- 


1 
Zn +28: =2Zn" +H, 


Here hydrochloric acid plays the part of an oxidant, 

However, when we speak of the oxidizing properties of any acid 
we do not mean hydrogen-ion, but the atoms of the element from 
which the acid usually derives its name (for instance, the sulphur 
atoms in sulphuric acid, the nitrogen atoms in nitric acid, etc.). 


23+ 
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The sulphur in sulphuric acid is in a state of maximum oxidation 


+IV 
with a valency of 4-6. But it can be reduced to the state S (in H 550; 
—I 


or SO:-ion), to S (in free sulphur), or even to S (in hydrogen sulphide). 
It should be noted that the oxidative properties of hexavalent 
sulphur manifest themselves only in concentrated sulphuric acid. 
For instance, if concentrated sulphuric acid is heated with charcoal, 
the latter is oxidized to carbon dioxide, while the sulphuric acid is 
reduced to SOs: 
2H,50, + C= C0, +250, -+2H,0 


This reaction does not take place in the dilute acid. 

Now let us examine the action of sulphuric acid on metals. 

In the action of dilute sulphuric acid on metals the oxidant is 
hydrogen-ion. But this ion can oxidize only the metals situated above 
hydrogen in the electrochemical series, such as magnesium, zinc, 
iron, etc. As to the metals below hydrogen, such as copper, silver, 
mercury, dilute sulphuric acid does not act on them. Concentrated 
sulphuric acid oxidizes almost all the metals when heated, but in 
such cases hydrogen is not evolved, as oxidation in this case is due 
to the unionized sulphuric acid molecules. 

Depending on the activity of the metal, the sulphuric acid mole- 
cules may be reduced to SOs, free sulphur or to H2S. Mostly sul- 
phuric acid is reduced to SOs, e.g.: 


Cu + 2H,S0, = CuSO, 4+ SO, + 2H,0 
Zn + 2H,S0,= ZnSO, + S02 + 2H,0 


Due to the activity of zinc, the following reactions take place 
simultaneously with the latter: 


32n 4+ 4H,S0,=37nS0, +S + 4H,0 
4Zn + 5H,S0,=4ZnS0, + HS + 4H 0 


Sulphuric acid is one of the most active acids. In aqueous solution 
it ionizes mainly into H* and HSO, ions. 

A dibasic acid, sulphuric acid forms two series of sadts: normal and 
acid salts. The normal salts of sulphuric acid are called sulphates 
and the acid salts—acid or hydrogen sulphates. 

Most salts of sulphuric acid are quite soluble in water. Of the salts 
of the more common metals, barium sulphate BaSO, and lead sul- 
phate PbSO;, are practically insoluble. Calcium sulphate CaSO, 
is very slightly soluble. 

Barium sulphate is insoluble not only in water, but in dilute acids 
as well. And as other barium salts are soluble either in water or in 
acids, the formation of a white precipitate insoluble in acids asa 
result of the action of a barium salt on any solution, is an indication 
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of the presence of sulphuric acid or its salts, i. e., SO;-ion, in the 
solution: 
Ba +50, =JBaS0O, 


Thus, soluble barium salts are test reagents for SO;-ion. 

The following salts of sulphuric acid are widely used in practice: 

1. Sodium sulphate NasSO;, crystallizes out of aqueous solution 
with ten molecules of water (NasS0; -10H20) and in this form is 
known as Glauber’s salt, after Glauber, a German physician and chem- 
ist who first prepared it by the action of sulphuric acid on common 
salt and used it as a medicine. The anhydrous salt is used for the 
preparation of soda by the sulphate method (see p. 425) and in the 
manufacture of glass. 

2. Magnesium sulphate MgSO; is contained in sea water. Crystal- 
lizes out of solution in the form of the hydrate MgS0, :.7H20. Is 
used as a laxative under the name of Epsom salts. 

3. Calcium sulphate CaSO, occurs in nature in large quantities as 
the mineral gypsum CaSO, 2Hs20. When heated to 150 or 170 degrees 
C, gypsum loses %/, of its water of crystallization and passes into 
what is known as plaster of Paris (2 CaSO, -Hs20). Mixed with water 
into a loose dough-like mass, plaster of Paris sets quite rapidly chang- 
ing back again into CaSO, -2Hs»0. Owing to this property, gypsum is 
used to manufacture casting moulds and replicas of various objects, 
and is a binding agent for plastering walls and ceilings. Gypsum is 
used in surgery to make plaster bandages for broken bones. 

4. Vitriols. This is the common name given to the sulphates of 
copper, iron, zine and certain other metals containing water of 
crystallization. 

Blue vitriol CuSO, .5H20 forms blue crystals containing five 
molecules of crystallization water. Is used for copper-plating met- 
als, for the preparation of certain mineral paints and as a raw 
material for the preparation of other copper compounds. In agricul- 
ture a dilute solution of blue vitriol is used for spraying plants and 
for pickling grain before sowing to destroy the spores of harmful 
fungi. 

Green vitriél FeSO, .7Hs20 crystallizes in the form of light green 
crystals containing seven molecules of hydration water. Is widely used 
in industry for preserving wood, for the manufacture of ink and Prus- 
sian blue, for freeing illuminating gas from hydrogen sulphide and 
cyanide compounds, in the dye industry, in agriculture against 
plant pests, and in photography. 

5. Alums. If a solution of potassium sulphate KsSO, is added to 
a solution of aluminium sulphate Als(SO;)s, and the liquid is left 
standing, beautiful colourless crystals separate out, whose composi- 
tion can be expressed by the formula K250,-Al2(SO:,)s-24Hs0 or 
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KAI(SO;)2-12H20. This compound is known as ordinary or alumi- 
nium alum, and is a double salt of sulphuric acid and the metals po- 
tassium and aluminium. 

Double salts can exist only in the solid form. When alum is 
dissolved in water the solution contains K*, Al--- and SO,” ions. 

Alums may be of various compositions. Instead of aluminium they 
may contain other trivalent metals, namely iron or chromium, and 
instead of potassium they may contain sodium or ammonium. For 
instance, chrome alum has the composition KsS0,;, .Crs(SO 1)3 * 24H 20. 
Alum is used in tanning leather and in the dye industry. 


127. Pyrosulphurie Acid HsS,0;. If sulphur trioxide is dissolved in sulphu- 
ric acid the SOs molecules combine with H,SO, molecules to form a new acid 
called pyrosulphuric acid: 


H.S0, + S0, =H.S,0;, 


Pyrosulphuric acid separates out from the resulting solution (oleum) upon 
cooling as colourless crystals with a melting point of 35° C. 

Pyrosulphuric acid may be regarded as an incomplete anhydride of sul- 
phuric acid, i.e., as a product of the abstraction of one Water molecule from two 
molecules of sulphuric acid: 


0 (9) (9) (9) 
I J 
bE —0O—H +H—-0—S—0—S—0—H+H,0 
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Pyrosulphuric acid 
Indeed, hydration of pyrosulphuric acid results in sulphuric acid: 


HS,0; + H,0 =2H,S0, 


Pyrosulphuric acid is an oxidizing agent whose action is similar to that of 
sulphuric acid. Pyrosulphuric acid (oleum) is often used in industry, for in- 


stance, for purifying petroleum products, for the manufacture of certain dyes, 
explosives, etc. 


The salts of pyrosulphuric acid —pyrosulphates—can be prepared by heating 
acid sulphates. For instance: 


2KHSO, =K,5.0; + H.0 
If heated above the melting point Pyrosulphates decompose, liberating sul- 
phuric anhydride and passing into the sulphates: 
K.S.0,=50, + K.S0, 


128. Manufacture of Sulphuric Acid. Sulphuric acid is produced 
commercially by two methods: the contact process and the lead-cham- 
ber process. 

The contact process for the production of Sulphuric acid is based 
On the direct union of sulphur dioxide with Oxygen in contact with 
a catalyst and on the reaction between the resulting sulphuric tri- 
oxide and water. 
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The sulphur dioxide for this process is obtained by roasting metal 
sulphides, chiefly pyrite FeSs, in special burners, in the presence of 
air: 

4FeS, + 110,= 2Fe,0; + 850, 


The ferric oxide obtained in this way (“pyrite cinders”) is removed 
from the burners and can be used for the production of iron, while 
the mixture of sulphur dioxide and air is passed through, a series of 
apparatuses to free it from dust and other impurities. Complete re- 
moval of impurities is one of the compulsory conditions for this 
process, as even insignificant traces of certain substances (compounds 
of arsenic, phosphorus, etc.) “poison” the catalyst, depriving it 
very rapidly of its activity. 


A widely used method of purification for freeing the gases from dust and 
SE particles is at present the electrostatic method. The gases to be puri- 
fied are passed through an electric separator (Fig. 90) which in the simplest case 
consists of a large diameter iron tube with a thin iron wire at its axis, connected 
to the negative pole of a source of high;tension current. The tube and the posi- 
tive pole are earthed. Under a difference of potentials as high as 200,000 volts, 
the field intensity in the vicinity of the wire is 50 high that the air around it 
becomes ionized. The negatively charged ions thus formed are attracted to the 
inner surface of the tube, andthe ositively charged ions—to the wire. The ions 
collide with the dust particles and charge them. Since only negative ions move 
through the space outside the ionization zone, which takes up but an insignifi- 
cant part of the inside of the tube, most of the dust particles passing throug the 
electric separator are charged negatively and are attracted to the inner surface 
of the tube, where they deposit. Any dust particles which happen to become pos- 


itively charged, will deposit on the negative wire. Practically all the dust 
particles are precipitated in this way. 

After the removal of impurities, the sulphur dioxide-air mixture 
passes through a special pre-heater where it is heated by the gases 
discharged from the contact apparatus, and then enters the contact 
apparatus. A diagram of such an apparatus is shown in Fig. 91. It 
is a large cylinder with four grate-like shelves, inside covered with the 
catalyst. The gas enters the apparatus at the top, passes charged 
through the four layers of contact mass, and is discharged at the 
bottom. 

On the catalyst the sulphur dioxide is oxidized into sulphur trio- 
xide, this reaction being accompanied by the liberation of a conside- 
rable amount of heat: 


250,40, = 250, + 46.8 Cal. 


The temperature in the contact apparatus is maintained at about 
450° C, as below this temperature the gases combine too slowly, 
whereas above 450° C the back reaction is accelerated. For instance, 
at 700° C with the usual composition of the gas mixture obtained by 
roasting pyrite (7 per cent SOs, 11 per cent 0; and 82 per cent Ns), 
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only 15 per cent SOs is converted into SOs. Raising the oxygen con- 
tent in the mixture increases the yield of sulphur trioxide by shift- 
ing the equilibrium of the reaction to the right. In practice, at 
450° C and with an excess of oxygen in the fas mixture the degree 
of conversion of SOs into SOs is as high as 95 or 97 per cent. 

The sulphur trioxide formed is discharged from thecontact apparatus 
in very finely divided form. As such, water will not absorb it, and 
50 it is passed into concentrated sulphuric acid (96 to 98 per cent) 
which it saturates, turning it into oleum. Very pure sulphuric acid 
of any desired concentration can be obtained by diluting the 
latter with water. 


Gt 
outlet 


Gas 
inlet 
Dust 
discharge 
Earth 
Fig. 90. Diagram of elec- Fig. 91. Diagram of 
tric separator contact apparatus 


The catalyst used formerly for oxidizing sulphur dioxide was 
platinized asbestos. Lately it has been replaced by vanadium pent- 
oxide, V20;, and certain other vanadium compounds. Vanadium 
Catalysts are almost as active as platinum, but are cheaper and are 
nol so easily poisoned, which makes it possible to simplify the puri- 
fication of the gases considerably. 

Sulphuric acid was first produced in Russia by the contact method 
at the Tentelev Plant (now the Krasny Khimik Plant) in Petersburg. 
The “Tentelev system” developed by the chemists of this plant was 
one of the most progressive systems of its time and gained world 
fame. Contact plants using this system were built in a number of 
other countries, including Japan and the U.S.A. 
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Lead-Chamber Method. The contact process for the production of 
sulphuric acid was introduced comparatively recently. Prior to 
that, sulphuric acid was manufactured only by the lead-chamber 
method, which consists essentially in the oxidation of sulphur dioxide 
by nitrogen dioxide NOs in the presence of water. 

The nitrogen dioxide is obtained from nitric acid; the reddish- 
brown gas reacts with sulphur dioxide according to the equation 


S0,-+ NO, H,0 = H,S0,4- NO 


Yielding part of its oxygen to sulphur dioxide, nitrogen dioxide 
turns into a colourless gas, namely, nitric oxide NO. The latter is 
remarkable for its ability to combine with the oxygen of the air to 
form nitrogen dioxide again: 


2NO 4+ 0, =2NO, 
which is used to oxidize further portions of sulphur dioxide. 
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{ Nitre acid Jases 


HAL Water 


Finished Sulphuric acid 
acid storage 


Fig. 92. Diagram of tower plant for manufacture of 
sulphuric acid 


Thus, theoretically, no nitric oxide is used up in the production 
of sulphuric acid, so that it may be regarded as a catalyst, accele- 
rating the oxidation of sulphur dioxide (§ 130). Y E 

The lead-chamber process for the production of sulphuric acid 
may be accomplished technically in chambers or towers. Since cham- 
bers are now practically obsolete, we shall confine outselves to a 
description of the process as carried out in towers. 

Fig. 92 is a diagram of a tower installation. The hot gases from the 
pyrite burners, containing sulphur dioxide, are freed from dust, 
and then passed through the Glover or denitrating towers I and Hl, 
filled with acid-proof tiles, down which so-called nitre acid trickles. 
Nitre acid is sulphuric acid solution of nitrosyl sulphuric acid 


362 Chapter XV. The Ozygen Group 


“ NOHSO,, which is, by structure, a mixed anhydride of sulphuric 
and nitrous (HNO;,) acids, as can be seen from the following scheme: 


0 
H _0_S 0 ELE! NE GEHTS OE GEO ENO +H,0 
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NOHSO, 


Water is also introduced into towers I and II, besides the nitre 
acid. Owing to the high temperature of the gases, nitrosyl sulphuric 
acid hydrolyzes into sulphuric and nitrous acids: 


NOHSO0, + H,0 =HS0, + HNO, 


The nitrous acid oxidizes the sulphurous acid, formed by the Sulphur 

dioxide combining with the water, into sulphuric acid: 
H.S0, + 2HNO, = H.SO, -2NO + H,0 

The conditions in the Glover towers are adjusted so as to convert 
up to 90 per cent of the initial SOs into sulphuric acid; the remainder 
is oxidized in tower III, called the stabilizer tower. Then the gases 
containing NOs and NO pass through two Gay-Lussac or “absorp 
tion” towers IV and V filled with pieces of quartz and sprayed with 
Sulphuric acid. 

In these towers nitrosyl sulphuric acid is formed: 

N04 NO +-2H,S0,= 2NOHSO, + HO 

Thus, the nitrogen oxides are collected in towers IV and V and 
do not pass into the atmosphere. 

The gases are circulated through the System by means of a power- 
ful fan installed between towers IV and V. 

Most of the sulphuric acid is formed in Glover tower I. Part of 
this acid is continuously drawn from the System as the finished pro- 
duct, and the rest of it is pumped to Gay-Lussac tower V. The nitre 
acid flowing out of tower V is used as a Spray in tower I. 

Part of the acid from tower II is delivered to tower IV, the rest 
of it returning to tower /. The nitre acid from tower IV is used as 
a Spray in tower II. 

The slight losses of nitrogen oxides Occurring during the lead-cham- 
ber process are replenished by introducing nitric acid into tower II. 

Sulphuric acid is one of the most important products of the so- 
Called fundamental chemical industry, which includes the production 
of acids, alkalis, salts, mineral fertilizers and chlorine. Not a single 
chemical product is produced in such immense quantities as sulphu- 
ric acid. The chief consumer of Sulphuric acid is the mineral fertili- 
zer industry (for instance, the Superphosphate and ammonium sul- 
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phate industries). Then, it is used for preparation of almost all other 
acids from their salts, is employed in great quantities for the pro- 
duction of explosives, for the purification of kerosene, mineral oils 
and coke-oven products (benzene, toluene), for the preparation of 
various vitriols, for the manufacture of dyes, for etching ferrous 
metals (scale removal), etc. The output of sulphuric acid in 1952 
in the capitalist countries only, was 25 million tons, 

Prior to the October Revolution the production of sulphuric acid 
in Russia was insignificant in comparison with other countries. The 
small-scale sulphuric acid plants that existed burned almost ex- 
clusively imported pyrite. The production of all the plants in 1913 
totalled only about 120,000 tons. 

The Revolution changed the situation radically. The old plants 
were extended and re-equipped. A home base of raw materials for 
the sulphuric acid industry was created and a number of new plants 
erected. Along with pyrite, the roasting gases of non-ferrous metallurgy 
containing considerable quantities of SO2, as well as “flotation tail- 
ings”—the waste left over from the concentration of copper and 
zinc ores—consisting mainly of pyrite, began to be used exten- 
sively at Soviet plants as raw materials. 

The development of the Soviet sulphuric acid industry involved 
the erection of new type lead-chamber and contact systems. The 
former chamber installations were now replaced by tower units. 
The burner sections of sulphuric acid plants were equipped with 
powerful mechanical burners. The old contact apparatuses with 
their platinum catalysts were replaced by more productive appara- 
tuses employing vanadium catalysts. 

A great deal has been done in the sulphuric acid industry for the 
intensification of production. Tf the daily output of lead-chamber 
systems was formerly 18 to 20 kilograms of acid per cubic metre of 
tower volume, the average acid yield at present per cubic metre of 
tower volume exceeds 120 kilograms, and at some plants innovators 
have brought it up to 200 kg. per cu. m. Another notable achievement 
is the production of the entire output at Jead-chamber installations 
in the form of oil of vitriol (92 to 92.5 per cent H2S0,) instead of 
75 to 76 per cent sulphuric acid. 

Great opportunities in the manufacture of sulphuric acid are 
offered by the use of oxygen and by the “fluidized bed” roasting of 
pyrites (see p. 596). 


129. Persulphurie Acid HS50s. If an electric current is passed through a 
50 per cent solution of sulphuric acid, hydrogen is liberated at the cathode, while 


at the anode HS0, ions lose their charges and combine in pairs to form persul- 
phuric acid HsS208: 
2HS0;—2e- = H:S:0s 
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Persulphuric acid is a derivative of hydrogen peroxide and an intermediate 
product in the production of the latter by the electrochemical method. Its struc- 
ture is represented by the following formula: 


Like in hydrogen peroxide, two of the oxygen atoms are combined here by 
a covalent bond, forming the characteristic peroxide “chain”, Such acids 
are known under the common name of peracids and have been obtained for a 
number of other elements besides sulphur. 

Peracids were studied extensively by the Russian Academician L. Pisar- 
to whom chemistry is obliged for his classical investigations in Ils 
eld. 

Owing to the presence of the peroxide chain in their molecules, all peracids, 
like peroxides, possess vigorous oxidizing properties, 

The salts of persulphuric acid, called persulphates, are used for certain 
technical purposes and as bleaching agents. 


130. Catalysis. Our examination of the technical methods for the 
manufacture of sulphuric acid based on the action of catalysts has 
given us some idea of the important part catalysis plays in chemistry. 
! bie paragraph we shall deal with catalytic processes in greater 

etail. 

‘The effect of various “foreign” substances on the rate of chemical 

reactions was noticed as far back as the beginning of the XIX century. 
In 1811 the Russian scientist K. Kirchholtf established that sulphuric 
acid accelerates the saccharification of starch. In 1835 Berzelius 
suggested the name “catalyst” for such substances, a name which 
has persisted to our days. As catalysts do not enter into the compo- 
sition of the reaction products, Berzelius believed that they excite 
the chemical activity of other substances by their mere presence, 
without taking direct part in the reaction. 
Y The real explanation of catalytic phenomena should be sought 
in the properties of matter itself, in the interaction of all the ma- 
terial factors participating in the catalytic process, including the 
catalysts themselves. A catalyst is no “foreign” substance to the re- 
action but an active participant, which has in many cases been 
proved experimentally to interact directly with the reactants. 

On these grounds, the term catalysts is used to denote substances 
which change the velocity of a reaction, themselves remaining chemically 
and quantitatively unchanged af ter the reaction, though they participate 
in it directly. 

From the above definition it follows that a catalyst cannot cause 
a reaction which will not take place without it. Indeed, in many 
cases where reactions appeared not to take place in the absence 


[: 
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of a catalyst, it was subsequently proved that they do take place, 
albeit at an immeasurably slow rate. 


Usually the catalyst has the effect of increasing the rate of the reaction. 
However, there are reactions which are decelerated in the presence of foreign 
substances. For instance, if a little glycerine, sugar or alcohol is added to a s0- 
lution of sodium sulphite, its oxidation by the oxygen of the air is greatly 
retarded. The same substances have a similar effect on the solutions of certain 
other salts. Such substances are called negative catalysts. 


A study of numerous catalytic reactions shows that there are 
no common catalysts for all reactions; the catalytic effect of catalysts 
is strictly specific. It might be assumed that water is a universal 
catalyst, as the presence of at least traces of water is indispensable 
for many reactions. However, there are a number of reactions which 
are slowed down or stop entirely in the presence of water. For in- 
stance, absolutely dry carbon dioxide will decompose under the ac- 
tion of ultra-violet rays into carbon monoxide and oxygen, but the 
moist gas does not decompose. Thus, even water cannot be con- 
sidered a universal catalyst. 

It has not yet been established just which properties of a catalyst 
make it suitable for one reaction or another. Sometimes the same 
process can be accelerated by absolutely different substances which 
apparently have nothing in common. Such, for instance, are platinum 
and vanadium pentoxide Vs20;, used for the oxidation of sulphur 
dioxide to sulphur trioxide. Nor can any parallelism be detected 
in the action of catalysts in chemically close reactions. Therefore, 
the problem of finding a suitable catalyst for any given reaction is 
often a very difficult one. 

Catalysis has so far defied envelopment in strict quantitative laws, 
but some relationships may be considered already quite well estab- 
lished. Two of the more important of these are: 1) in a homogeneous 
medium catalytic action is proportional to the concentration of the 
catalyst; 2) the catalyst does not affect the state of equilibrium of revers- 
ible reactions, as it changes the velocity of the forward and the back 
reaction equally. 

At present two kinds of catalysis are usually distinguished, name- 
ly, homogeneous and heterogeneous. 

Tf the reactants and the catalyst are in the same phase, the cataly- 
sis is homogeneous. An example of the latter is the accelerating 
action of hydrogen (and sometimes other) ions on many reactions 
between dissolved substances. Tf the catalyst and the reactants are 
in different phases, as is the case with the reaction between hydrogen 
and oxygen in the presence of platinized asbestos, the catalysis is 
called heterogeneous. i 

In view of the great diversity of phenomena united under the 
conception of catalysis, it would be difficult to expect them all to 
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be due to one common cause. Naturally, the causes may be different 
in different cases. We shall deal here with the two most important 
theories used most often to explain the action of catalysts. 

The accelerating influence of cataiysts in homogeneous catalysis 
is usually explained by the “theory of intermediate reactions”. li 
may, for instance, happen that a reaction of the type 


A+ B=AB 


takes place very slowly, whereas in the presence of a catalyst K 
the following rapid reactions take place: 


A+K=AK (1) 
AK+B=AB+K fo 
AF BF(R)=ABTF(R) 2) 


This scheme affords a good explanation for the catalyst remaining 
unchanged in the long run, and is in agreement with the fact that 
catalytic action is proportional to the amount of catalyst present 
(as the rate of reaction (1) must be proportional to the concentra- 
tion of K). 

In many cases the formation of intermediate compounds such as 
AK in the above scheme has been proved experimentally, thus tes- 
tifying to the truth of this theory. A graphic illustratiom is the lead- 
chamber process for the production of sulphuric acid. By itself 
(without the catalyst) the reaction 


250, + 0:+2H,0 =2H,50, 


proceeds very slowly. But in the presence of nitric oxide as catalyst 
the following reactions take place rapidly: 


2NO + 0,=2N0O, 
2N0, +250, 4+ 2H,.0 = 2H.S0, 4+ 2NO 
(2NO) + 250, + 024+ 2H.0 = 2H,S0, + (2NO) 

as a result of which the amount of the catalyst NO remains unchanged. 

Some cases of heterogeneous catalysis can also be attributed to 
the formation of intermediate compounds. It has been established, 
for instance, that crystalline manganese dioxide, which accelerates 
the decomposition of potassium chlorate, is converted as a result of 


the reaction into a fine powder. On this basis it has been assumed 
that the salt decomposes in two steps: 


2KCIlO, + 4Mn0, =2K Cl 2Mn,0, 
2Mn20; =4Mn0;, +30. 
(MnO) 2K CIO, =2KC1 4-30, F (GMO, 
The intermediate product formed in this case is the unstable 
highest oxide of manganese, Mn,0,. 
However, the main role in heterogeneous catalysis, especially if 
the catalyst is in the solid phase and the reactants are in solution 


130. . Catalysis 4 367 


or in the gaseous state, is played by adsorption, i. e., fixation of 
the molecules of the reactants by the surface of the catalyst. The 
increase in the concentration of the reactants at the surface of the 
catalyst should in itself influence the reaction rate, but this influence 
is not strong enough to explain the great increase in reaction rate 
observed in such cases. Besides, if the increase in concentration due 
to adsorption were the only factor, the specificity of catalytic action 
could not be accounted for. Therefore, it is considered that the main 
factor accelerating the reaction is the increase in activity of the ad- 
sorbed molecules under the action of the outer force field of the ca- 
talyst. 

Profound studies of the catalytic action of solid amorphous bodies 
on the course of chemical processes, as well as the dependence of 
this action on the nature of the contacting bodies and their surface. 
were carried out by Konovalov. 

An explanation of the role of contact in heterogeneous catalysis 
and the causes of the increase in activity of the adsorbed molecules 
was given by Mendeleyev (1866) who first suggested the idea that 
“at the points of contact between bodies the state of internal 
motion of the atoms in the particles changes, and it is this state 
that governs chemical reactions”. Developing this idea, another 
prominent Russian scientist Zelinsky worked out and grounded ex- 
perimentally new views on the nature of heterogeneous catalysis. 
He attached great importance to the change in shape of the reacting 
molecules and to the deformation of their bonds due to contact with 
the catalyst, which is not active all over its surface but only at 
certain points, called active centres. Adsorption of molecules at 
definite points on the surface of the crystal lattice of the catalyst 
is, according to Zelinsky, “an obligatory preliminary stage of het- 
erogeneos catalysis". 

Some substances, even if present in insignificant quantities, great- 
ly decrease the activity of the catalyst or even completely preclude 
its action. 

It was pointed out above that in the contact process for the manu- 
facture of sulphuric acid the gases must be thoroughly purified, other- 
wise the catalyst is quickly poisoned. 

Like the catalyst itself, these catalytic poisons are specific in 
their action: though they may spoil catalysts of one type, they 
are quite harmless to others. Poisoning is probably due to adsorption 
of the catalytic poison by the surface of the catalyst, especially 
at its active centres, as a result of which the catalyst becomes as if 
enveloped in the poisons, and the reactant molecules are blocked out. 

Whereas some substances poison catalysts, others, on the other 
hand, greatly enhance their activity if added in small quantities, 
though they themselves are not catalysts for the reaction in question. 
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Such substances are called promoters and serve, so to say, as “cata- 
lysts for catalysts”. The nature of the action of promoters has not 
yet been established exactly. 

The role of catalysis in chemistry is enormous. The very fact that 
the impurities in ordinary water may serve as catalysts for many 
reactions, Shows how widespread catalytic phenomena are. If we 
take into account, besides, that the walls of the vessels in which 
the chemical reactions take place may also often act as catalysts, 
it may be considered that catalysis occurs in latent form in almost 
every chemical reaction. 

In our days a great number of very important industrial chemical 
processes are based on the use of catalysts. And the more the chemical 
industry progresses, the more it makes use of catalytic action. 


131. Compounds of Sulphur with the Halogens. Passing chlorine through 
melted sulphur results in sulphur monochloride, an orange liquid boiling at 
198° C. The molecular weight of this substance, as determined by the density 
of its vapours, corresponds to the formula S,Cls. 

Sulphur monochloride can dissolve sulphur up to 66 per cent. Water decom- 
Poses Sa2Cl, forming sulphur dioxide, hydrogen chloride and sulphur: 


25,0Cl, + 2H 0 =S0, +35 + 4HCIl 


Sulphur monochloride is used for the vulcanization of rubber. 
Two more compounds of sulphur and chlorine are known, namely, SOl, 
and SCl,, which ave, however, of no practical importance. With fluorine sul- 


phur forms the gaseous compound SF, in which it attains its highest degree of 
oxidation. 


SELENIUM SUBGROUP 


This subgroup includes the elements selenium, tellurium and 
polonium. Of them only selenium and tellurium, greatly resembling 
sulphur in their properties, have been investigated chemically. 

132. Selenium; at. wt. 78.96. Tellurium; at. wt. 127.61. Selenium 
is quite abundant in nature, but occurs usually in small quantities, 
namely, as admixtures to natural metal sulphides (PbS, FeSs, etc.). 
When pyrite is roasted, selenium accumulates in the dust collecting 
chambers of sulphuric acid plants. This dust is the chief source for 
the production of selenium. Tellurium, on the other hand, is one 
of the very rare elements, its content in the earth’s crust being only 
1 x107$ per cent. 

Like sulphur, elemental selenium forms several allotropic modi fica- 
tions of which the best known are:amorphous selenium, a reddish-brown 
powder with a specific gravity of 4.39 and crystalline selenium, a 
grey brittle substance with a metallic lustre and a specific gravity 
of 4.8. The latter modification possesses a remarkable property: 
its electrical conductivity, which in itself is Very small, increases 
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greatly under the action of light. This property of selenium is the 
basis of its use in various optical apparatuses, namely, photometers, 
light signallers, etc., as well as in television. Tellurium is also 
known in the form of the amorphous modification and as a crystal- 
line substance of light grey colour with a metallic lustre. Tellurium 
is a good conductor of heat and electricity, approaching metals in 
this respect. 

The resemblance between selenium and tellurium, on the one hand, 
and sulphur, on the other, is especially manifest in their compounds. 

Hydrogen selenide HsSe and hydrogen telluride HTe are colourless 
poisonous gases with disgusting odours. Their aqueous solutions 
are acids whose degress of ionization, however, are somewhat higher 
than that of hydrogen sulphide, as the attraction between the neg- 
ative ions and the hydrogen ions becomes weaker as the radius of 
the former increases. 

In chemical properties HsSe and HsTe greatly resemble Hs5S. 
Like hydrogen sulphide, they are easily oxidized by the oxygen 
of the air, decompose when heated and possess powerful reducing 
properties. Their salts, selenides and tellurides, are prepared, like 
sulphides, by the action of H,Se or HsTe on soluble salts of the me- 
tals and are very similar to the sulphides with respect to their sol- 
ubility in water and in acids. HsSe and Hs2Te can be prepared by 
the action of strong acids on selenides and tellurides. 

Combustion of selenium and tellurium in air or in oxygen results 
in the solid oxides SeOs and TeOs, the anhydrides of selenious and 
tellurious acids, Hs2SeO0s and 'HsTeO0s. Unlike sulphur dioxide 
SeO0s» and TeOs are predominantly oxidants, being easily reduced 
to free selenium and tellurium. By the action of powerful oxidizing 
agents SeO0s and TeOs» can be converted respectively into selenic 
and telluric acids, HsSeO, and HsTe0O,. 

Selenic acid HsSe0, is a solid crystalline substance melting at 
58° C. Like sulphuric acid, it is non-volatile, combines vigorously 
with water, chars organic substances and possesses powerful oxidative 
properties. 

Selenic acid is one of the strong acids. Its salts, known as selenates, 
bear a striking resemblance to sulphates. Even the same Salts are 
insoluble as in the case of sulphuric acid, e.g., the barium and lead 
salts. Selenic anhydride is unknown. 

Telluric acid, in contradistinction to selenic and sulphuric, is 
a very weak acid. It separates out of solution as crystals of the com- 
position HsTeOs. This is a hexabasic acid, forming a number of 
salts, such as AgsTeOs. When heated, telluric acid splits off two 
molecules of water and becomes a dibasic acid, analogous to sul- 
phuric acid, H,TeO,. Tf heated more strongly it turns into telluric 


anhydride TeOs. 
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CHAPTER XVI 


The Nitrogen Group 


Atomic 
number 


Element Symbol REE Arrangement of electrons in layers 


Nitrogen . .| N 14.008 st 2 5 

Phosphorus | 30.975 | 15 2 8 5 

Arsenic . .| As 74.91 33 2 8 18 5 

Antimony .| Sb 121.716 51 2 8 18 18 5 
Bismuth . .| Bi 209.00 89 2 8 18 32 18 5 


133. General Features of the Nitrogen Group. The nitrogen group 
includes the typical elements of the fifth group of the Periodic Table, 
nitrogen and phosphorus, as well as arsenic, antimony and bismuth, 
elements with atoms of similar structure in the odd series of the large 
periods. Together these five elements make up the main subgroup 
of the fifth group called also the nitrogen group. 

The elements of the nitrogen group, having five electrons in the 
outer layer of their atoms, may be characterized on the whole as 
non-metals. However, their capacity for gaining electrons is much 
weaker than that of the corresponding elements of the sixth and 
seventh groups. Owing to the presence of five outer electrons, the 
highest positive valency of the nitrogen group elements equals five, 
and the highest negative valency, three. Owing to their relatively 
lower electronegativity, the bond between hydrogen and the ele- 
ments of the nitrogen group is less polar than that between hydrogen 
and the elements of the sixth and seventh groups. Therefore, the 
hydrogen compounds of the nitrogen group elements do not split 
off hydrogen ions in aqueous solution and hence do not possess 
acidic properties. 

The physical and chemical properties of the elements of the nitro- 
gen group vary with increasing atomic number in the same order as 
in the groups studied earlier. But since the non-metallic properties 
of nitrogen are less pronounced than those of oxygen, and the 
more so than of fluorine, further weakening of these properties in 
passing to the subsequent elements results in rapid growth of metallic 


134. Nitrogen in Nature 371 


properties. The latter become perceptible already in arsenic; anti- 
mony possesses metallic and non-metallic properties in approximately 
equal degree, while in bismuth metallic properties predominate con- 
siderably over non-metallic. 

The most important constants of the nitrogen group elements are 
given in Table 22. 


Table 22 
Most Important Physical Constants of the Nitrogen Group Elements 
Constants Nitrogen PInADROrns Arsenic LS RI 
Sb Bi 
Specific gravity . . . . 0.81 1.82 5.73 6.62 | 9.8 
(lig.) (white) 
Melting point, degrees C |—210 44.2 817 630.5 | 271.38 
(36 atm. 
pressure) 
Boiling point, degrees C|—195.8 280.5 615 (subl.)| 1,635 | 1,560 
Atomic radius, A... 0.71 — 1.48 1.61 1.82 


NITROGEN (Nitrogenium); at. wt. 14.008 


134. Nitrogen in Nature. Preparation and Properties of Nitrogen. 
Nitrogen occurs in nature mostly in the free state. Free nitrogen, 
as is commonly known, is the chief component of air, which contains 
about 78 per cent nitrogen by volume. The only inorganic nitrogen 
compound found in nature in considerable quantities is sodium nit- 
rate NaNOs, which occurs in thick deposits on the Pacific coast 
in Chile. The soil contains insignificant quantities of nitrogen, main- 
ly as nitrates. But as a constituent of the complex organic compounds, 
known as proteins, nitrogen is found in the body of every plant and 
animal. Proteins constitute the most important parts of cells, name- 
ly, the protoplasm and the nucleus. The wonderful changes which 
proteins undergo in plant and animal cells form the basis of all vital 
processes. Life is impossible without protein, and as nitrogen is a 
compulsory constituent of protein it will easily be understood how 
important is the role played by this element in nature. 

The total content of nitrogen in the earth’s crust (including the 
hydrosphere and the atmosphere) is 0.04 per cent. 

The preparation of nitrogen from air reduces essentially to its 
separation from oxygen. In industry this is done by evaporating 
liquid air in special plants. 

24% 
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Absolutely pure nitrogen can be obtained from its compounds, e.g., 
from ammonia, by passing the latter over strongly heated cupric 
oxide: 

3Cu0 + 2NH,= N+ 3Cu + 3H,0 


or by heating ammonium nitrite: 
NHNO,=N: + 2H,0 


Pure nitrogen is a colourless gas with no odour, very slightly sol- 
uble in water. It is a little lighter than air, one litre of it weighing 
1.25 gr. When cooled strongly under high pressure nitrogen becomes 
a liquid which boils at —195.8° and solidifies into a snow-like mass 
at —210°C. 

Nitrogen is conspicuous for its chemical inertness. At ordinary 
temperatures it is almost incapable of forming compounds. When 
heated it combines quite readily with some metals, such as lithium, 
magnesium, calcium, titanium. Finally, at very high temperatures 
nitrogen combines directly with oxygen and hydrogen. 

Animals placed in an atmosphere of nitrogen soon perish, not as 
a result of nitrogen poisoning, but due to the absence of oxygen. 
This property accounts for the old name of nitrogen, azote, from the 
Greek “azoos”, meaning lifeless. The present English name “nitrogen” 
is derived from the Latin “nitrogenium”, meaning “originating salt- 
petre”. 

The nitrogen molecule consists of two atoms (N;). These atoms are 
tied together very stably, which accounts for the chemical inertness 
of nitrogen under ordinary conditions. 

Nitrogen forms a large number of compounds, which are prepared 
indirectly and easily undergo various changes. 

Free nitrogen is used in electrical engineering to fill “half-watt” 
lamps. But the greater part of nitrogen obtained from the air is used 
for the preparation of synthetic ammonia and calcium cyanamide. 

135. Ammonia NH. Nitrogen forms several compounds with 
hydrogen, the*most important of which is ammonia, a colourless 
gas with a characteristic pungent odour, well known to everyone 
as the odour of ammonia spirit. 

Ammonia is usually prepared in the laboratory by heating a mix- 
ture of ammonium chloride NHi,Cl and slaked lime Ca(OH) 
The reaction is represented by the equation 


2NH,Cl + Ca(OH), = CaCl, + 2H,0 + 2NH, 


2. 


The ammonia liberated contains water vapour. To dry it, it is 
passed through a jar of soda lime (a mixture of lime and caustic 
S0da). 
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One litre of ammonia at S.T.P. weighs 0.77 gr. As ammonia is 
much lighter than air, it can be collected in an inverted vessel. 

When cooled to —33.4°C at ordinary pressure, ammonia turns 
into a transparent liquid which solidifies at —77.7° C. Liquid ammo- 
nia is kept in steel cylinders under a pressure of 6-7 atm. The compa- 
ratively high boiling point of ammonia (—33.4°), contradicting its 
low molecular weight (M = 17), is due to the active association of 
liquid ammonia molecules owing to their 
pronounced polarity. 

Ammonia is very soluble in water, one 
volume of water at ordinary temperatures 
dissolving 700 volumes of ammonia. A 
concentrated solution contains 25 per cent 
NH and has a specific gravity of 0.91. A 
solution of ammonia in water is sometimes 
called ammonia spirit. Ordinary medicinal 
ammonia spirit contains 10 per cent NHs. 
As the temperature rises, the solubility of 
ammonia decreases, so that it is liberated 
if a concentrated solution is heated. This is 
made use of sometimes in laboratories for 
the preparation of NHs in small quantities. 

At low temperatures the crystal hydrate Fig. 98. Apparatus for 
NH. H20, having a melting point of —79°C, demonstrating . combus- 
can be separated out of an ammonia solu- tion of ammonia in oxy- 
tion. A crystal hydrate of the compo- gen 
sition NHs3-2H:20 is also known. 

Chemically ammonia is quite active; it reacts with many substances, 

In ammonia nitrogen reaches its highest degree of reduction, 
corresponding to a” valency of _3. Therefore, ammonia will not 
participate in reactions connected with further lowering of the va- 
lency of nitrogen: it possesses only reducing properties. If a stream 
of ammonia is passed through a tube inside another wider tube 
(Fig. 93), through which oxygen is delivered, the ammonia can easily 
be ignited; it burns in oxygen with a pale green flame. Combustion 
of ammonia leads to the formation of water and free nitrogen: 


ANH, + 30:=6H,0 + 2N: 


IIL 0 
4| N—3e-=N 
I 
310+ 4e7 =20 
Under other conditions ammonia can be oxidized to nitrogen 


oxides. t 
In contradistinction to the hydrogen compounds of the sixth and 


seventh group non-metals, ammonia does not possess any distinctly 
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pronounced acid properties. However, its hydrogen can be displaced 
by metals, the compounds formed being called nitrides. Some of 
them, such as calcium and magnesium nitrides, can be prepared 
by combining nitrogen directly with the metals in question at a 
high temperature: 

3Mg + N, = MgsN, 


Many nitrides are completely hydrolyzed in water, forming am- 
monia and the hydroxide of the metal. For instance: 


Mg:N, +6H,0 =3Mg (OH), 4-2NHs 


Tf only one hydrogen atom in the ammonia molecule is displaced by a metal 
the result is a metal amide. Thus, if ammonia is passed over molten sodium, 
sodium amide, or sodamide, NaNH, is produced as colourless crystals with a 
melting point of 210° C: 


2NHs + 2Na=2NaNH, + Hz 
Water decomposes sodium amide according to the equation: 
NaNH, + H.0 = NaOH +- NH 


hydroxyl group is hydrozylamine NH,OH, a solid with a melting point of 33° C. 

Hydroxylamine is prepared by the reduction of nitric acid with nascent 
ESSA It dissolves readily in water forming the hydrate NH,0H.H,0, 
which ionizes partially into [NH,OH]* and OH’. There Ore, in aqueous solu- 


1a The hydrogen in ammonia can be substituted also by the halogens to form 
Very unstable compounds of nitrogen and the halogens. For example, the action 
of chlorine on a concentrated solution of ammonium chloride results in ni trogen 


chloride NOCly: 
NH,Cl + 301, =NCl, + 4HCI 
in the form of a heavy, oily, very explosive liquid. 

Similar properties are possessed by nitrogen iodide, which forms as a solid 
black substance, insoluble in Water, when ammonia is treated with iodine. 
In the moist state it is harmless, but when dried explodes at the least touch, 
liberating purple puffs of iodine Vapours. The composition of nitrogen iodide 
Varies depending on the temperature at which it is prepared (NI - NH; at or- 
dinary tem peratures). 


A solution of ammonia in water has a basic reaction, showing that 
it contains hydroxyl ions. The appearance of these ions in solution 
is due to the fact that part of the NH, molecules combine with the 
hydrogen ions of water forming complex singly-charged NH,’ ions 
(ammonium ions) and liberating hydroxyl ions: 


NH, + H,0 = NH; + 0H’ (4) 


186. Ammonium Salts 375 


the latter, in their turn, combine partly with ammonium-ion to form 
ammonium hydrozide NH.OH, a base, in which the NH,’ group plays 
the part of a univalent metal: 


NH,+- OH’ = NH,OH (2) 


As a result an equilibrium is established in the solution between 
ammonium-ion, hydroxyl-ion and molecular ammonium hydroxide, 
on the one hand, and between the same ions, molecular ammonia 
and water, on the other: 


NH, + H,0 2 NH; 4+ 0H’ 2 NH,OH 
Thus, a solution of ammonia contains simultaneously molecular 
NHs, NHi-ion, OH’-ion and molecular ammonium hydroxide. 

Since ammonia in solution reacts slightly basic, ammonium hydrox- 
ide is usually regarded as a weak base, only slightly dissociated into 
ions (its ionization constant at 18° C is 1.75 x10-5). 

There is an opinion that most of the dissolved ammonia is in solution in the 
form of NH molecules. Under such conditions the existence in solution of 
unionized ammonium hydroxyde is doubtful, and it is therefore assumed that 
ammonium hydroxide is a Strong, practically completely ionized base, the ions 
of which cannot, however, be present in solution in any considerable concentra- 
tion, because equilibrium (1) is greatly, displaced to the left. 

If a strong acid, say hydrochloric, is added to an ammonia solu- 
tion, the hydrogen ions of the acid combine both with the hydroxyl 
ions in solution and with the ammonia molecules (forming ammoni- 
um ions with the latter). The result is a neutral solution in which 
practically only ammonium ions and anions of the acid used remain. 

The reactions that take place may be expressed by the following 
equations: ক 

NH.O0OH +H: =NH ,+ H,0 


and 
NH, +H =NH; 

136. Ammonium Salts. If neutralized ammonia solutions are evapo- 
rated, the ammonium ions combine with the anions of the acids used, 
to form solid crystalline substances with ionic lattices and all the 
properties of typical salts. They are called ammonium salts. 

Ammonium salts can be formed not only by neutralizing aqueous 
ammonia solutions, but also by direct union between gaseous ammonia 
and anhydrous acids. 

For example: 

NH,+ HCI=NHClH-42 Cal. 

That is why in the laboratory, where the air always contains ga- 
seous ammonia and acid vapours, the glass panes of hoods, Windows, 
reagent bottles and other objects often become coated with a white 
layer of ammonium salts. 
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Ammonium salts greatly resemble the salts of the alkali metals, 
especially those of potassium, as K* ions and NHS ions have approx 
imately equal radii. Ammonium salts dissolve readily in water, dis- 
sociating completely into ions. Solutions of ammonium salts of 
strong acids react slightly acid, owing to hydrolysis. 

Numerous attempts to Isolate ammonium in tho free state from its salts, 
Le., to obtain a ক consisting of electrically neutral NH, molecules. 
have boon unsuccessful, as at the momont of formation ammonium fmmodiately 
decomposes Into ammonia and hydrogen. Free ammonium should have possossod 
the properties of a metal. An indired Indication of its metallic character is the 
existence of ammonium amalgams, alloys of ammonium and mercury, which are 

much like the amalgams of the alkali motals. 
যত pro ammonium amalgam an amalgam of sodium is first prepared by 
adding ic sodium to mercury In small ions until a semi-liquid mass 
results, If a saturated solution of ammonium chloride is added to the sodium amnl- 


2NH + CuSO, = Cu 4 (NH ),S0, 


At If tom 1 
oY Ls Yy ~! Roi um amalgam decomposesfrapidly into 
tn Rit ieee feature is the attitude of anmonium salts to the 
a 

If an aqueous solution of any ammonium salt is treated with an 
alkali the following reaction takos place: 


NH + OH’ INH, 4 HO 


IH the solution Is heated ammonia is Riven off and can easily be 
detected 5 বদ odour and by means of a moistened piece of litmus 
Paper which changes its colour, Thus, the presence of any ammonium 
salt In solution can be detected by heating the solution with an alkali 
(test for ammonium-ion), 

ted, dry ammonium salts dissociate quite readily into 
Ammonia and an acid, For instance: 
NIHL,C = NH, 4 Hcl 


If the acid forming the salt is volatile, as in the above case, it 
comes off together with the ammonia and recombines with it upon 
cooling to form with the salt again. For cxample, if dry ammonium 
chloride is heated in a test tube the salt apparently sublimes, form- 
hy fe white doposit on the cold walls of the test tube. 

ut if the acid is not volatile, only ammonia comes off, the acid 
in the vessel in which the salt was heated. Examples of 
this are heating of (NH,):S0,, (NH ),PO,, etc. 


[Yd 
137. Utes of Ammonis and Ammonium Salts 7 


The formation of atmmonfum fons in the reactions between ammo- 
nin and water and between ammonia and solutions of acids Is due 
to the structure of the ammonia molecule, which can be reprosented 
as follows: 

|! 
MN: 
H 


It can be soen from this formula that besides the threo electrons 
ier pairs with the Lepr clectrons, nitrogen has one more 
“free” electron pair left. addition of a hydrogen ion to the nitro- 
gen takes place at the expense of this pair, after which both electrons 
become common to nitrogen and hydrogen. 

If the bone lon, which does not contain a single electron, is 
Pl vet by [H]*, the above can be expressed by the following 
scheme: 


whos tan 


This is analogous to the formation of an oxonium lon from a 
molecule of water and a [HJ* ion: 


[! “1° 
Hi0: + [H+ = H:O:H 


can ensily be liquefied, and the boiling point of the yy uid Lr fhont 
uolled at a 

pressure of only 7 to8 atm, Since the evaporation a d ammonia 

involves tho absorption of a large amount of heat ( 

liquid ammonia has found wide application in rofrigeration he 

neering for cooling storehouses and stororooms In which poerishables 

are kept, as woll as for the preparation of artiflcfal ice. 

Fig. 94 is a diagram of a refrigerator used for artificial cooling. 
Compressor 1 compresses tho ammonia under ita piston to 9 atm. 
‘The com ammonia passes through valve 2 at the top into coll 
3 cooled by running water, Hero tho ammonia condenses into a 
liquid and through cock 4 passes into a long coll 5 Inside vessel 6 


coll 5 the liquid ammonia evaporates la St et heat from 
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going through a continuous cycle. If metal boxes filled with water are 
lowered into vessel 6, the water will freeze into bars of ice. If the salt 
solution cooled in vessel 6 is circulated through pipes laid in store- 
rooms where products are kept, the low temperature required can 
be maintained in those rooms. ৰ 

Aqueous ammonium solutions are used in chemical laboratories 
and plants as a weak volatile base; they find application also in 
medicine and in the home. But most of the ammonia produced com- 
mercially at present is employed for the preparation of nitric acid 
and artificial nitrogenous fertilizers. 


Fig. 94. Diagram of refrigerator: 


1—compressor 2 and 7—valves; 3—ammonia condensation coil; 4— cock; 
5—am monia evaporation coil; 6—vessel containing concentrated salt solution 


A very important ammonium salt is anmonium sulphate (NH,)250,. 
It is a good fertilizer and is manufactured in immense quantities 
aS such. Of even greater importance is anmonium nitrate NH ,NOs, 
a fertilizer which can be made entirely from air and water. Ammonium 
chloride or sal ammoniac NH Cl is used in the dyeing industry, in 
textile printing, in soldering and tin plating, as well as in galvanic 
cells. The action of ammonium chloride in soldering is based on the 
fact that when it comes into contact with the hot metals it decomposes 
into ammonia and hydrogen chloride. The latter dissolves metal 
oxides forming volatile chlorides, and thus cleans the metal surface, 
enabling the solder to adhere well. 

138. Preparation of Ammonia.Up to the end of the last century 
ammonia was prepared commercially only as a by-product of the 
carbonization of coal. Coal contains between { and 2 per cent nitrogen. 
During the dry distillation of coal almost all this nitrogen escapes as 
ammonia and ammonium salts. The latter are separated from the 
other gaseous dry distillation products by passing the coke-oven £as 
through water. Ammonia is liberated from this ammonia (or gas) 
liguor by heating with lime. The ammonia thus produced is passed 
into sulphuric acid with which it forms ammonium sulphate 
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(NH .)250,. To produce pure ammonia the ammonium Sulphate is 
heated with lime. 

For a long time ammonia liquor was the only source of ammonia. 
But in the early XX century several new methods were discovered 
for the commercial production of ammonia, based on the binding or 
fixation, as it is called, of atmospheric nitrogen. To evaluate the 
immense importance of these discoveries for mankind, we must first 
get a clear idea of the role of nitrogen in vital processes. 

As was stated above, nitrogen is an obligatory constituent of 
proteins, and as such is indispensable for the nourishment of any 
living creature. However, in spite of the immense, practically in- 
exhaustible supply of free nitrogen in the atmosphere, neither animals 
nor plants (with very few exceptions) can make any direct use of 
this nitrogen for nourishment. 

Plants get their nitrogen from the soil, where it is contained mainly 
as various organic compounds which gradually change into nitrates 
and ammonium salts. Dissolved in soil waters, these salts are drawn 
up by the roots of plants and transformed in their cells into proteins 
and other complex nitrogen compounds. 

Animals cannot assimilate nitrogen even in the form of salts. 
They need for their nourishment the proteins produced by plants 
nr other animals. Proteins cannot be substituted by any other com- 
pounds. That is why the existence of animals depends entirely on 
plants; they can obtain the nitrogen they need only through 
plants. 

The soil usually contains very insignificant quantities of nitrogen 
which is continuously being extracted from it by plants. When crops 
are harvested the nitrogen extracted by the plants from the Soil goes 
with the crop. Thus, the soil is rapidly exhausted and becomes less 
and less fertile. Therefore, to obtain good crops the deficiency of 
nitrogen must be continually replenished by adding nitrogen com- 
pounds to the soil in the form of various fertilizers. 

Before World I War (1914-18) the chief nitrogenous fertilizer was 
sodium nitrate (Chile saltpetre), imported to Europe from South 
America. It was also the only raw material for the manufacture 
of the nitric acid required for the production of explosives and other 
nitrogen compounds. 

The limited supplies of natural saltpetre, their remoteness from 
the chief consumers and mainly the tendency to relieve the necessity 
of importing raw materials, confronted the chemical industry of 
many countries with the problem of utilizing atmospheric nitrogen 
for the preparation of nitrogen compounds. The successful solution 
of this problem was one of the greatest victories scored by chemistry 
in the early XX century. In the course of a single decade not one, but 
several technical methods of “binding” atmospheric nitrogen were 
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invented. Two of these methods, which are at the same time methods 
of production of ammonia, are examined below. 

The first discovery (1904) was the cyanamide process for the produc- 
tion of ammonia, based on the ability of nitrogen to combine di- 
rectly with calcium carbide CaCs. 

Calcium carbide is produced by heating a mixture of quicklime with 
coal in an electric furnace. At a high temperature calcium carbide 
reacts with nitrogen to form a solid called calcium cyanamide CaCN; 
and free carbon. 

The reaction proceeds according to the equation 


CaC, + N2= CaCN, + C 4+-69.2 Cal. 


The reaction is accomplished by passing a stream of nitrogen 
through the calcium carbide, which is heated at one point. The nitro- 
gen begins to combine at this point liberating a large amount of heat. 
The heat raises the temperature of the surrounding mass of carbide, 
and the nitrogen continues to combine until all the carbide is 
used up. 

The calcium cyanamide obtained in this way is a dark grey powder, 
its colour being due to the presence of carbon. If treated with steam 
at a temperature of 110 to 115°C and a pressure of about 6 atm. cal- 
cium cyanamide decomposes readily into ammonia and calcium 
carbonate: 

CaCN,+-3H.0 = CaCO, + 2NH, +18 Cal. 


The first calcium cyanamide plant with a capacity of 4,000 tons 
per year was built in 1906 in Italy. By 1921 the world production 
of calcium cyanamide had reached 500,000 tons yearly. But after 
this the erection of new plants stopped almost entirely, as another 
method for the commercial production of ammonia took the upper 
hand. This was the direct synthesis of ammonia jrom hydrogen and 
nitrogen* suggested by F. Haber in 1908. 

At ordinary temperatures nitrogen will not combine with hydrogen. 
But it has long been known that if electric sparks are passed through 
a mixture of these gases a small quantity of ammonia forms. A de- 
tailed study of this reaction showed that the sparks cause not only 
the formation of ammonia, but its decomposition back into nitrogen 
and hydrogen as well. Thus, the reaction between nitrogen and hy- 
drogen is reversible and leads to a state of equilibrium: 


N+ 3H, 2 2NH; 


. * At present the greater part of the calcium cyanamide produced is used 
directly as a nitrogenous fertilizer suitable for many crops, mainly on podzol 
soil. Some calcium cyanamide is used for the manufacture of urea and cyanide 
compounds. 
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At the high temperature caused by the electric sparks the equilib- 
rium is displaced greatly to the left, so that the quantity of ammo- 
nia produced is very small. For a long time all attempts to increase 
the ammonia yield were unsuccessful. Only in the beginning of the 
present century, after long, painstaking work, were conditions at last 
found, under which the ammonia yield becomes high enough to 
warrant carrying out the reaction on a plant scale. One of the chief 
conditions for this reaction was found to be high pressure. Indeed, it 
can be seen from the above equation that the formation of ammonia 
leads to a decrease in the volume of the nitrogen-hydrogen mixture; 
therefore, according to Le Chatelier’s Prin- 
ciple, increasing the pressure should favour 00 
the formation of ammonia. This was 
borne out by experiment. & 

On the other hand, it was found that the 
combination of nitrogen and hydrogen is sp 
accompanied by the liberation of heat: 


N+ 3H, 2 2NH:+ 22 Cal. 40 


Hence, the higher the temperature, the 
lower the ammonia yield. Therefore the 
reaction must be carried out at aslowa yp 
temperature as possible. But at low temper- © 200 300 400 500 600 700°¢ 
atures the reaction rate is so low that it Fig. 95. Dependence of 
would take too long to obtain appreciable ammonia yield on chorAS 
quantities of ammonia. The reaction was perature and pressure 
finally accelerated by the use of catalysts. 

Of the various metals and their oxides, the most suitable catalyst 
proved to be metallic iron (in the form of a spongy mass) with 
insignificant admixtures of aluminium and potassium compounds. 

In practice the reaction is accomplished at a temperature of about 
500° C, compensating the consequent shift of equilibrium to the left 
by high pressure. Fig. 95 is a graphic illustration of how the amount 
of ammonia at equilibrium changes depending on the temperature 
and pressure. Examining the curves presented in the figure, we find 
that the same yield of ammonia can be obtained both at low and at 
higher temperatures, if the pressure is raised accordingly.* 

A diagram of synthetic ammonia plant is shown in Fig. 96. ‘The 
mixture, consisting of one volume of nitrogen and three of hydrogen, 
is compressed by means of compressor 1ito 200 or 300 atm. (in 
some plants to 1,000 atm.) and after passing through a filter (not shown 
in the diagram) to purify the gases, passes into synthesis column &, 


* Ata Keo of 4,000 to 5,000 atm. the synthesis of ammonia takes place 
with a yield of 100 per cent in the absence of any catalyst. 
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holding the catalyst, where the formation of ammonia takes place. 
Before starting up the whole system, the synthesis column is heated 
internally by an electric current to 500 or 550° C. This temperature 
iS sustained afterwards automatically, at the expense of the heat 
given off during the reaction. After passing over the catalyst, the 
gases, which now contain up to 20 per cent ammonia, enter cooler 
4 where the gaseous ammonia liquefies due to the high pressure. 


Fig. 96. Diagram of synthetic ammonia plant: 


1—compressor; 2—synthesis column; 3—cooler; 4~—sepurator; $—liquid 
ammonia collector; 6—circulation pump 


‘Then the liquid ammonia isremoved from the unchanged nitrogen. and 
hydrogen in separator 4. From here the ammonia is transferred by 
batches into low-pressure collector 5, from which it!goes to storage. 
The residual gases are drawn out of theseparator by circulation pump 6, 
mixed with a new portion of the nitrogen-hydrogen mixture discharged 
by compressor 1, and pass back into synthesis column 2. Thus, a 
certain amount of nitrogen-hydrogen mixture keeps circulating con- 
tinuously through the system. 

Various types of synthetic ammonia Plants are employed in industry, 
using different methods for preparing the nitrogen-hydrogen mixture, 
instruments of various designs, different catalytic compositions, 
different pressures, etc. 

At present the synthesis of ammonia is the principal method of 
binding atmospheric nitrogen. The chief advantage of this method 
over all others is its comparative cheapness. 
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139. Hydrazine NsH4. Hydrazoic Acid HN. Nitrogen forms two more com- 
pounds with hydrogen, much inferior in importance, however, to ammonia 

Hydrazine NaH, is a colourless liquid boiling at 113.5° C, prepared by the 
action of NaClO on a concentrated ammonia solution. 

The structural formula of hydrazine is 


H H 
5 gE ৫ 


With water hydrazine forms a stable hydrate (N2H;)OH which possesses 
slightly basic properties and forms salts resembling those of ammonium, such 
as hydrazine hydrochloride NsHisCl, etc. Hydrazine is used as an active redu- 
cing agent. 

Hydrazoic acid HN; can be prepared by the action of nitric acid HNO; on an 
aqueous solution of hydrazine; it is a colourless liquid with a pungent odour and 
a boiling point of 36°C. 

Hydrazoic acid is classed as a weak acid (K = 3 X 1075). In aqueous solu- 


tion it dissociates into H‘-ion and N;-ion. Its salts, called azides, are, like the 


acid itself, very explosive. 
Lead azide Pb (Ns)s is used to fill detonating fuses. 


140. Oxides of Nitrogen. Nitrogen forms six oxides, namely: nitrous 
oxide N20, nitric oxide NO, nitrogen dioxide NOs, nitrogen tetroxide 
N20,; nitrogen trioxide N20; and nitrogen pentoxide N20;5. They 
can all be obtained from nitric acid and its salts. 

Nitrous ozide N20 is prepared by heating ammonium nitrate: 


NHNO,=N:0 4-280 


In this reaction one of the nitrogen atoms of NH NOs loses elec trons 
and the other gains them, both of them becoming positively univalent. 


-II +I 
N—4e-=N 
+V +I 
N+4-=N 


Nitrous oxide is a colourless, odourless gas which liquefies at 
0° C under a pressure of 30 atm. It is rather soluble in water: at, 
0°C one volume of water will dissolve 1.3, and at 25° C, 0.6 volumes 
of N30. Upon dissolving nitrous oxide does not combine with the 


water. 
Nitrous oxide is an endothermal compound, easily decomposed 


by heat into nitrogen and oxygen: 

2N,0=2N + 024+ 17.7 Cal. 
therefore it supports combustion well. A glowing splint lowered into 
nitrous oxide bursts into flame, like in pure oxygen; phosphorus, 
sulphur and other substances also burn vigorously in nitrous oxide, 
liberating nitrogen. 
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Inhalation of small quantities of nitrous oxide deadens pain, so 
that the gas is sometimes used in mixture with oxygen as an anaesthetic 
during light operations. Large quantities of nitrous oxide excite the 
nervous system, for which reason it was formerly called “laughing 

AS”. 

ড় Nitric Oxide NO. Under ordinary conditions nitrogen and oxygen 
will not react with one another. But at very high temperatures, for 
instance, when electric sparks are passed through air, nitrogen is 
capable of combining directly with oxygen to form nitric oxide. 
That is why nitric oxide always forms 
in the atmosphere during thunder- 
Storms. 

The formation of nitric oxide by 
an electrical discharge can be illus- 
trated by the following experiment. 
Two thick copper wires are passed 
through stoppers in the side necks 
of a large flask (Fig. 97) and connected 
to the poles of a large induction coil. 
When current is passed through the 

i 5 _ coil a continuous spark appears between 

AGG a CE the ends of the wire and above it there 

in oxygen appears a yellowish flame of nitrogen 
“burning” in oxygen. 

The reaction of formation of nitric oxide from nitrogen and oxygen 
is reversible and is accompanied by the absorption of a large 
quantity of heat: 


N+ 0: 2 2NO— 43.2 Cal. 


At low temperatures the equilibrium of this reaction is practically 
shifted completely to the left, that is, the amount of nitric oxide 
formed is infinitesimal. As the temperature rises the equilibrium 
begins to shift to the right, but so slowly that even at 1,000° C the 
gas mixture contains only about 1 per cent nitric oxide. If the temper- 
ature is lowered the nitric oxide again decomposes into nitrogen 
and oxygen, but if the! gas mixture is cooled very quickly 
the equilibrium does not get a chance to shift immediately 
and does not shift afterwards due to the very slow rate of 
the reaction at low temperatures, so that almost the entire quan- 
tity of NO formed at the high temperature remains in the mixture. 
The practical application of this reaction will be discussed in § 143. 

Nitric oxide is usually prepared in the laboratory by the action 
of dilute nitric acid on copper: 


3Cu + 8HNO,= 3Cu (NO), + 2NO + 4H,0 
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or in ths ionic form 
3Cu + 2NO! 4+ 8H-=3Cu-* + 2NO 4-4H,0 


Nitric oxide is a colourless gas, very difficult to condense. Liquid 
nitric oxide boils at —151.8° C and solidifies at —163.7° C. It is 
slightly soluble in water: one volume of water will dissolve only 
0.07 volume of NO at 0° C. 

As to chemical properties, nitric oxide is classed as an indifferent 
oxide, since it forms no acid. 

Nitric oxide loses its oxygen with greater difficulty than the other 
oxides of nitrogen. That is why the only substances that can burn 
in it are those capable of combining vigorously with oxygen, such 
as phosphorus. But a burning candle, splint or piece of sulphur are 
extinguished if lowered into nitric oxide. 

The most characteristic property of nitric oxide is its ability to 
combine with oxygen very readily, without being heated, giving 
brown nitrogen dioxide: 


2NO + 0,=2NO, +27 Cal. 


If, for instance, a cylinder filled with nitric oxide is opened, a brown 
cloud of nitrogen dioxide immediately appears at its mouth. 

Nitrogen diozide is a brown poisonous gas with a characteristic 
odour. It can easily be condensed into a reddish liquid (b.p. 21.3°C), 
the shade of which gradually becomes lighter as it is cooled. At —10° 
C it freezes into a colourless crystalline mass. On the other hand, 
when heated, gaseous nitrogen dioxide grows darker and at 140° 
becomes almost black. The change in colour of nitrogen dioxide with 
rising temperature is accompanied by a change in the density of its 
vapours. At a low temperature the vapour density corresponds ap- 
proximately to the double formula N20,. As the temperature rises 
the vapour density decreases and at 140° exactly corresponds to the 
formula NOs. Hence it follows that the colourless crystals existing 
at —10° and lower probably consist entirely of N20, molecules and 
may be called nitrogen tetroxide. When heated, the colourless nit- 
rogen tetroxide gradually dissociates to form molecules of dark brown 
nitrogen dioxide NOs; complete dissociation occurs at 140° C. There- 
fore, at temperatures between —10 and 140° this substance is al- 
ways a mixture of NOs; and N20; molecules in equilibrium with each 
other: i 

N20, 2NO,- 18.6 Cal. 
100 p. ¢. 100 p. C. 
at — 10°C at + 140°C 


Above 140° NO; begins to dissociate into NO and oxygen. 
Nitric dioxide is a very active oxidant. Many substances can burn 
in nitrogen dioxide, abstracting oxygen from it. Sulphur dioxide is 
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oxidized by it into sulphuric anhydride, this being the basic principle 
of the lead-chamber process for the manufacture of sulphuric acid 
(see § 128). é 

Nitrogen dioxide vapours are quite poisonous. Inhaling them 
irritates the respiratory tract badly and may lead to serious poison- 
ing. 
Shen dissolved in water nitrogen dioxide, or rather tetroxide, 
reacts with the water to form nitric and nitrous acids: 


N,0,-+ H,0 = HNO, + HNO; 


But nitrous acid is very unstable and decomposes rapidly into 
nitric acid, nitric oxide and water: 


3HNO,= HNO, + 2NO + H,0 


Therefore, practically the reaction between nitrogen dioxide 
(tetroxide) and water, especially warm water, proceeds according to 
the equation 

3N0, + 2H,0 = 4HNO, + 2NO 


which can easily be obtained by multiplying the first of the two 
foregoing equations by 3 and adding the second to it. 

The oxygen of the air immediately oxidizes the nitric oxide thus 
formed into nitrogen dioxide, so that in the presence of air the NO, 
changes completely into nitric acid. This reaction is of very great 
technical importance and is utilized in modern processes for the 
production of nitric acid. 

If nitrogen dioxide (tetroxide) is dissolved in alkalis, a mixture 
of nitrates and nitrites results: 


Na,0,-+2NaOH = NaNO, + NaNO, -+ H0 


The above reactions of nitrogen tetroxide with water and with 
alkalis show that the valency of one of the nitrogen atoms in its 
molecule is 4-5, and that of the other 4-3. Thus, nitrogen tetroxide 
may be regarded as a mixed anhydride of nitrous and nitric acids, 
its structural formula being written as follows: 


Oy 4+V +I 
১N—0—N= 
FE N=0 


Tf we count up the total number of valency electrons of all the atoms in the 
molecules NO and NO, we find that it equals respectively 11(5--6) and 17(5+ 
+2X6), i. e., is an odd number in both cases. Nitric oxide and nitrogen dioxide 
belong to the limited number of molecules having an odd number of electrons. 
Such molecules behave chemically like free atoms, which also contain unpaired 
electrons. Molecules with unpaired electrons are called free radicals. 


Nitrogen trioxide or nitrous anhydride N03 is a dark blue liquid 
boiling at 44° C and decomposing thereupon into nitric oxide and 
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nitrogen dioxide. A mixture of equal volumes of nitric oxide and 
nitrogen dioxide forms nitrogen trioxide again when cooled: 


N20, 22 NO + NO; 


Nitrogen trioxide corresponds to nitrous acid. 

Nitrogen pentoxide or nitric anhydride N30; is a solid crystalline 
substance melting at 30° C. It can be obtained by the action of phos- 
phorus pentoxide on nitric acid: 


2HNO,+P,0,=N,0,-+-2HPO, 


Nitrogen pentoxide is a very active oxidant. Many organic sub- 
stances burst into flame upon coming into contact with it. Nitrogen 
pentoxide dissolves readily in water to form nitric acid. 

141. Nitrous Acid HNO,. If potassium or sodium nitrate are heated 
they lose part of their oxygen and pass into salts of nitrous acid HNO. 
The decomposition takes place more readily in the presence of lead, 
which binds the oxygen liberated: 


KNO,+ Pb= KNO, + PbO 


The salts of nitrous acid, called nitrites, are crystalline substances, 
quite soluble in water (except the silver salt). Sodium nitrite NaNO; 
is widely used for the manufacture of various dyes. 

If a solution of any nitrite is treated with dilute sulphuric acid 
the result is free nitrous acid: 


2NaNO, + H,S0,= Na,S0, 4-2HNO 


It is classed as a weak acid (K=5X1074) and is known only in 
very dilute aqueous solution. If the solution is concentrated or heated 
the nitrous acid decomposes, forming nitric oxide and nitrogen 
dioxide: 

2HNO,=NO + NO, +H,0 


Nitrous acid is an active oxidizing agent, but at the same time, 
under the action of other more active oxidants, can itself be oxi- 
dized into nitric acid. 

142. Nitrie Acid. Pure nitric acid is a colourless liquid with a 
specific gravity of 1.53, boiling at 86°C and freezing at —41°C into 
a transparent crystalline mass. In the air it “fumes”, like concen- 
trated hydrochloric acid, as its vapours form minute mist drops 
with the moisture of the air. 

Nitric acid is miscible with water in all proportions. A 68 per cent 
solution boils at 120.5°C and can be distilled without alteration. 
This is the composition of the usual nitric acid of commerce, which 
has a specific gravity of 1.4. The concentrated acid, containing 96 
t0 98 per cent HNO, and coloured reddish-brown due to the nitrogen 
dioxide dissolved in it, is known as fuming nitric acid. 
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Nitric acid is chemically not very stable. Under the iniluence even 
of light it decomposes gradually into water, oxygen and nitrogen 
dioxide: 

4HNO,=2H,0 +-4NO, 4-0: 


The higher the temperature and the more concentrated the acid, 
the more rapidly it decomposes. That is why nitric acid prepared 
from saltpetre is always yellowish in colour, due to the presence 
of nitrogen dioxide. To avoid decompo- 
sition, the acid is distilled under a pres- 
Sure low enough for the nitric acid to 
boil at a temperature of about 20°C. 

Nitric acid is one of the strongest 
acids; in dilute solution it is dissociated 
completely into H'- and NO,;-ion. 

‘The most characteristic property of 
nitric acid is its pronounced oxidizing 
capacity. Nitric acid is one of the most 
powerful ozidants. Many non-metals are 
oxidized readily by it into the corre- 
sponding acids. For instance, if sulphur 
is boiled with nitric acid, it gradually 
oxidizes into sulphuric acid, phospho- 
rus into phosphoric acid, etc. A glowing 
coal lowered into nitric acid not only 
fails to extinguish but, on the contrary, 
Fig. 98. Ignition of tur-. begins to burn brightly, decomposing 

Pentine’ 10 nitrio-acid the acid into reddish-brown nitrogen 

dioxide. 

Sometimes so much heat is liberated during oxidation that the 
substance oxidized ignites spontaneously without having to be 
preheated. 

For instance, pour a little fuming nitric acid into an evaporating 
dish, put the dish on the bottom of a wide beaker and add some 
turpentine from a pipette, drop by drop, to the acid in the dish. 
Aseach drop falls into the acid it ignites and burns with a large flame, 
forming a cloud of soot (Fig. 98). Heated sawdust can also be ignited 
with a drop of fuming nitric acid. Nitric acid attacks almost all the 
metals except gold, platinum and a few rare metals, converting them 
into nitrates. As the latter are soluble in water, nitric acid is con- 
Slantly used in practice to dissolve metals, especially such as copper, 
silver, lead which are not attacked or are attacked very feebly by 
other acids. 

It is noteworthy that some metals (iron, aluminium, etc.), which 
dissolve readily in dilute nitric acid, will not dissolve in cold con- 
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centrated nitric acid, as was discovered by Lomonosov. This is ap- 
parently due to the formation of a thin, very dense film of oxide on 
their surface, protecting the metal from the further action of the acid. 
After treatment with concentrated nitric acid such metals become 
“passive”, i.e., lose their capacity for dissolving in dilute acids as 
well. 

The oxidizing properties of nitric acid are due to the instability 
of its molecules and the presence of nitrogen in its highest state of 
oxidation, corresponding to a positive valency of 5. When oxidizing, 
nitric acid is reduced successively into the following compounds: 


+V +IV +JIL +II +I 0 —IIL 
HNO, = NO, + HNO, 7 NO > N20 — Na = NH; 


The degree of reduction of nitric acid depends both on its concen- 
tration and on the activity of the reductant. The more dilute the 
acid, the greater it is reduced. Concentrated nitric acid is always 
reduced to NOs. Dilute nitric acid reduces usually to NO, or, un- 
der the action of the more active metals, such as Fe, Zn, Mg, to N20. 
But if the acid is very dilute the chief reduction product is NHs, 
which forms ammonium nitrate NH,NO with the excess acid. 

By way of illustration the equations (unbalanced) of several oxi- 
dation reactions involving nitric acid are given below: 


1) Pb + HNO, — Pb (NOs):+ NO, + H20 
conc. 

2) Cu4+ HNO; — Cu (NO;)» + NO + H,0 
dil. 

3) Mg + HNO; — Mg (NOs): + N,0 + H,0 
dil. 


4) Zn + HNO; ~ Zn (NOs),-+ NHANO:, + H,0 
very dil. 


We leave it to the student to balance the equations of these re- 
actions. 

It should be noted that the action of dilute nitric acid on metals 
does not, as a rule, lead to the liberation of hydrogen. 

When oxidizing non-metals, nitric acid is usually reduced to NO. 
For example: 

S + 2HNO, = H,S0,+2NO 

The above equations illustrate the most typical cases of the oxi- 
dizing action of nitric acid. Generally, however, it should be noted 
that all oxidation reactions involving nitric acid are very complex, 
due to the simultaneous formation of various reduction products, 
and cannot be considered quite clear as yet. 

A mixture consisting of one volume of nitric and three volumes 
of hydrochloric acids is called aqua regia. Aqua regia dissolves certain 
metals which do not dissolve in nitric acid, including gold, the “king 
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of metals.” Its action is due to the fact that nitric acid oxidizes 
hydrochloric acid, liberating free chlorine and forming nitrosyl 
chloride NOCI: 


+V +I 
HNO0;,+3HCl=Cl, + 2H,0 + NOCl 


Nitrosyl chloride is an intermediate reaction product and decom- 
poses into nitric oxide and chlorine: 


2NOCI=2N0O + Cl, 


The chlorine liberated combines with the metals forming metal 
chlorides, and therefore, when metals are dissolved in aqua regia 
they are converted to chlorides, and not nitrates: 


Au + 3HClL-+ HNO,= AuCl, + NO +-2H,0 


Nitric acid attacks many organic substances, substituting one or 
several hydrogen atoms in the molecule of the organic compound by 
nitro-groups, NO». This process, known as nitration, is of great im- 
portance in organic chemistry. 

If nitric acid is treated with phosphorus pentoxide, the latter 
abstracts the elements of water from the nitric acid, forming nitrogen 
pentoxide and metaphosphoric acid. 

2HNO, + P,0,= N20; + 2H PO, 

Nitric acid is the most important compound of nitrogen owing to 
its diverse applications in the national economy. 

Nitric acid is used in large quantities for the manufacture of ni- 
trogen fertilizers and organic dyes. It is used as an oxidant in many 
chemical processes, is employed in the manufacture of sulphuric 
acid by the lead-chamber process, serves for dissolving metals, for 
the preparation of nitrates, is used in the manufacture of cellulose 
varnishes, cinema film and in a number of other chemical processes. 
Nitric acid is also employed for the production of smokeless gunpow- 
der and explosives used widely in mining and various earth work 
(construction of canals, dams, etc.), as well as for military purposes. 

143. Industrial Preparation of Nitric Acid. Nitric acid can be 
manufactured by three methods which will be described in the 
chronological order of their use in industry. 

1. Preparation of Nitric Acid from Chile Saltpetre. The oldest 
method of preparation of nitric acid, employed as far back as the 
middle of the XVII century, consists in heating Chile saltpetre with 
concentrated sulphuric acid: 


NaNO, + H,S0,= NaHSO, + HNO; 


+ 
The vapours of nitric acid liberated upon heating are passed into 
a water-cooled receptacle, where they condense into a liquid. If 
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gently heated in an excess of sulphuric acid, the reaction leads to 
the formation of the acid salt. But if saltpetre is taken in sufficient 
quantity and the mixture is heated more strongly, the normal 
salt results: 

NaNO, + H,S0,= NaS0, + 2HNO,; 


However, in this case a considerable amount of nitric acid is lost 
during the reaction due to decomposition. For this reason the pro- 
cess is adjusted to take place accor- 
ding to the first equation. 

Up to the beginning of the pre- 
sent century this was the only pro- 
cess used commercially for the man- 
ufacture of nitric acid. It has since 
been almost completely replaced 
by other methods based on the 
fixation of atmospheric nitrogen. 

2. Production of Nitric Acid from চ ডী k ‘ 
Air by the Are Method. This method, Fig. 99. ERT 0 NS in magnetic 
suggested by Birkeland and Eyde, 8 
and first employed industrially 
in Norway in 1905, is based on the direct union of nitrogen with 
oxygen, as described in § 140. The high temperature required for 
this reaction is obtained by means of an electric arc fed by a powerful 
source of electric current. If the flame of the electric arc is brought 
between the two poles of a strong electromagnet (Fig. 99) it becomes 
disc-shaped, greatly increasing the surface of the flame. Such a 
fiery disc, up to three metres in diameter, is struck in a special 
furnace, built of refractory brick, in which the temperature rises 
as high as 3,000 or 3,500°C. Air is blown into the furnace through 
channels in its walls. Coming into contact with the flame of the 
electric arc, the air is strongly heated and part of it combines into 
nitric oxide. 

The gases discharged from the furnace, containing 2 to 3 per cent 
nitric oxide, are cooled rapidly to 1,000 or 1,100° C to keep the nitric 
oxide formed from decomposing back into nitrogen and oxygen. When 
the gas mixture is further cooled, the nitric oxide combines with 
oxygen to form nitrogen dioxide, which is absorbed by water and 
changes into nitric acid. 

The manufacture of nitric acid by the above method requires a 
great amount of electric power, and it developed mostly in Norway, 
which possesses vast resources of cheap electric power. By 1925 the 
world production of nitrogen compounds by the arc process had 
reached 42,000 tons per year (recalculated for nitrogen). Latel, 
however, the arc process has been employed on a considerably smaller 
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scale, as it was found that nitric acid could be manufactured more 
economically by the oxidation of synthetic ammonia. 

3. Production of Nitric Acid by Ozidation of Ammonia. The most im- 
portant method of nitric acid production nowadays is the catalytic 
oxidation of ammonia by the oxygen of the air. It was indicated, 
when describing the properties of ammonia (see p. 372), that the 
latter burns in oxygen, forming water and free nitrogen. But in the 
presence of catalysts the oxidation of ammonia may take a dille- 
rent course. If, for instance, a mixture of ammonia and air in definite 
proportions is passed through a red-hot platinum wire gauze, which 
serves as a catalyst, at 750°C the ammonia is transformed almost 
quantitatively into nitric oxide: 


4NH, + 50,=4NO + 6H,0 + 215.8 Cal. 


The nitric oxide is easily transformed into nitrogen dioxide which 
combines with water to form nitric acid. 

The catalytic oxidation of ammonia into nitric acid has been 
known for a long time, but only in the early XX century was this 

fy process used successfully for 
Nitrous gases 800° the commercial production of 
nitric acid. In early appara- 
tuses for the oxidation of am- 
monia the catalyst was plati- 
num. At present an alloy of 
platinum and rhodium con- 
taining five to ten per cent 
rhodium is used more often. 
The yield of nitric oxide is 
96 to 98 per cent. 

Fig. 100 is a diagram of an 
ammonia oxidation plant oper- 
ated at atmospheric pressure. 
Air, freed by filtration from 
Fig. 100. Diagram of ammonia oxida- mechanical impurities, is 

tion plant: blown by means of fan 1 into 

1 and 4—fans; 2—heat exchanger; 3—mixer; heat exchanger 2 where it is 
3— contact apparatus heated by th চট TiSohs ] 

y the gases discharged 

from the contact apparatus to a 

temperature of about 300°C, after which it passes into mixer 3. Fan 4 
blows gaseous ammonia into the same mixer. From here the ammonia- 
air mixture, containing 10 to 11 per cent ammonia, enters contact 
apparatus 5, consisting of two hollow cones placed base to base. 
A screens of thin platinum-rhodium wire, used as the catalyst, 
art fixed horizontally in the wide part of the apparatus. In the contact 
apparatus the ammonium is oxidized into nitric oxide. The hot gas 
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mixture discharged from the contact apparatus goes through the heat 
exchanger, where it is cooled to 500-550°C, and then passes consec- 
utively through a steam boiler (to utilize the heat), special coolers 
and, finally, absorption towers, in which mainly the nitric oxide is 
oxidized into nitrogen dioxide, and the nitric acid is formed. 

The acid obtained in the towers usually contains about 50 to 59 
per cent HNOs3. It is concentrated by distillation with sulphuric 
acid, which serves as a means of holding back the water. Besides, a 
method has been developed lately for the manufacture of concen- 
trated nitric acid by the reaction between liquid nitrogen dioxide 
and water (or dilute nitric acid) in the presence of oxygen at 50 
atm. pressure and a temperature of 75°C. The reaction proceeds 
according to the following summary equation: 


2N,0, +0: + 2H,0 =4HNOs + 14.2 Cal. 


By this method, called “direct synthesis”, 98 per cent nitric acid 
is obtained directly. 

At present most of the vast quantities of nitric acid produced is 
obtained by the oxidation of ammonia. And since most of the ammo- 
nia is prepared by synthesis from the elements, this method in the 
long run, like the previous one, is based on the fixation of atmos- 
pheric nitrogen. 

The founder of the Russian home manufacture of synthetic nitric 
acid was I. Andreyevy, an engineer, who in 1914 first raised the ques- 
tion of the organization in Russia of nitric acid production by the 
oxidation of ammonia obtained during the carbonization of coal. 
Andreyev made a thorough study of the oxidation of ammonia over 
catalysts prepared under his supervision, and built a pilot plant. 
The experimental data obtained at this plant were used in designing 
the first Russian synthetic nitric acid plant which was started up in 
July 1917. The experience gained at that plant was widely used by 
Soviet engineers in designing new plants built during the years of 
the first five-year plans. 

144. Salts of Nitric Acid. The salts of nitric acid are known under 
the generic name of nitrates. They are usually obtained by the 
action of nitric acid on the corresponding metals or metal oxides. 

Nitrates are very soluble in water. When heated dry all nitrates 
decompose, liberating oxygen, the nitrates of the most active metals 
splitting olf only part of the oxygen and passing into nitrites, salts 
of nitrous acid: 

2KNO,=2KNO,+ 0: 

But the nitrates of the majority of other metals decompose into 

the metal oxide, oxygen and nitrogen dioxide. For example: ¢ 


2Cu (NO), = 2Cu0 + 4NO, 4 0s 
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Splitting off oxygen readily, nitrates are very powerful oxidants 
at high temperatures. On the other hand, their aqueous solutions are 
almost devoid of oxidizing properties. The most important are the 
nitrates of sodium, potassium, ammonium and calcium, which are 
sometimes known by the common name of nitres. 

Sodium nitrate or sodium nitre NaNO 3, known also as Chile salt- 
petre, occurs in large quantities in nature only at one point of the 
globe, in the Republic of Chile, whence it received its name. 

Potassium nitrate or potassium nitre KNOs, known also as salt- 
petre, found in nature in minor quantities, is mostly prepared arti- 
ficially by the exchange reaction between sodium nitrate and po- 
tassium chloride. 

Potassium nitrate is used for the manufacture of black gunpowder, 
which is a specially treated mixture of saltpetre, sulphur and char- 
coal. It usually contains 75 per cent saltpetre, 10 per cent sulphur 
and 15 per cent charcoal. 

The combustion of gunpowder is a complicated process involving 
several reactions. The gases formed during this process, of which the 
most important are nitrogen, carbon dioxide and carbon monoxide, 
occupy a volume approximately 2 thousand times as large as that of 
the powder burnt, which accounts for its explosive power. Besides 
gaseous substances, the combustion of gunpowder results in solid 
substances, namely, K2CO 3, K2S0,, K2S, etc., which form smoke and 
leave a deposit in the gun barrel. Under the action of the moisture o 
the air K2S decomposes partly, liberating hydrogen sulphide. That is 
why the odour of hydrogen sulphide can always be detected coming 
out of the muzzle of a gun after using black gunpowder. Sodium 
nitrate is not used to prepare gunpowder as it is very hygroscopic. 

Ammonium nitrate or ammonium nitre NH,.NO; is prepared by 
neutralizing nitric acid with ammonia. Is used as a fertilizer. Forms 
explosive mixtures, known as ammonals, with various combustible 
Substances. Ammonals are used extensively for industrial blasting. 

Calcium nitrate or calcium nitre Ca(NO 3)? has been manufactured 
in large quantities since the beginning of the present century by 
neutralizing nitric acid with lime; is used as a fertilizer. 

145. Development of the Nitrogen Industry in the U.S.S.R. The 
nitrogen industry embraces chiefly the production of ammonia, nitric 
acid and nitrogenous fertilizers. Its development in the U.S.S.R. was 
initiated in 1927 by the start-up of the first synthetic ammonia plant 
in the Soviet Union at the Chernorechensk Chemical Mill. Although 
the technology of ammonia production at this mill was far from per- 
fect and the capacity of the plant not large, the Chernorechensk Mill 
played an important role in the founding of the Soviet nitrogen 
industry, as a school for mastering the new complex process of 
ammonia synthesis under high pressure. 
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During the years of the First and Second Five-Year Plans, several 
plants were built in which the synthesis of ammonium was combined 
with the manufacture of nitric acid and nitrogenous fertilizers. Such 
chemical industry giants as the Berezniki, Novomoskovsk, Chirchik 
and other nitrogenous fertilizer combines put into operation during 
this period, were not inferior technically to analogous plants in foreign 
countries. The entire complex equipment of these plants, including 
gas compressors, circulation pumps, ammonia synthesis columns and 
other apparatuses working under high pressure, was manufactured 
at Soviet machine-building plants and designed by Soviet engi- 
neers. 

Extensive research work carried out in the U.S.S.R. brought a 
number of important improvements in the technology and equipment 
of nitrogen plants. New catalytic compositions were developed both 
for the synthesis of ammonia and for its oxidation into nitric acid. 
The management and operating personnel of nitrogen plants have 
made great progress by way of intensifying production processes, 
particularly by the use of oxygen for oxidizing ammonia into nitric 
acid. Methods of production of concentrated nitric acid by “direct 
synthesis” have been developed and introduced into industry. A new, 
simpler, highly productive method of preparing ammonium nitrate 
has been developed. At the same time, the production of another 
important nitrogen fertilizer, namely, ammonium sulphate, from the 
ammonia of coke-oven gas plus lead-chamber sulphuric acid, has been 
considerably extended. The production of calcium cyanamide, urea, 
sodium, potassium and calcium nitrates has been mastered. 

The mighty nitrogen industry which grew up in the U.S.S.R: 
before the Great Patriotic War supplied the home agriculture with 
scores of times more nitrogenous fertilizers than it received in pre- 
revolutionary times. During the war the production of nitrogenous 
fertilizers was almost completely discontinued, but by 1946 the pre- 
war level had already been re-established and lately has been sw- 
passed severalfold. 

146. Nitrogen Cycle in Nature. During the decay of organic sub- 
stances a considerable part of the nitrogen contained in them turns 
into ammonia which is subsequently oxidized into nitric acid by 
nitrifying bacteria, which live in the soil. The nitric acid thus pro- 
duced reacts with the salts of carbonic acid contained in the soil, 
for instance, with CaCOs, to form calcium nitrate: 


2HNO, + CaCO,= Ca (NO): CO, + H20 


But during decay part of the organic nitrogen always escapes as 
elemental nitrogen into the atmosphere. Nitrogen is liberated also 
during the combustion of organic Substances, when wood, coal, peat 
or other fuels are burnt. Besides, there are bacteria which are capable, 
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in a limited supply of oxygen, of abstracting oxygen from nitrates, 
liberating free nitrogen. As a result of the activities of these denitri- 
fying bacteria, part of the combined nitrogen passes from the form 
assimilable by green plants (nitrates) into an inaccessible form (free 
nitrogen). Thus, by no means all the nitrogen contained in dead plants 
is returned to the soil; some of it is constantly evolved in the free 
form and is therefore lost for the plants. 

The continuous depletion of mineral nitrogen compounds should 
have long since resulted in complete cessation of life on the earth, 
were it not for the existence in nature of other processes replenishing 
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the nitrogen losses. These processes include primarily the electric 
discharges occurring in the atmosphere, always leading to the for- 
mation of a certain amount of nitrogen oxide; the latter combines 
with water giving nitric acid, which is transformed into nitrates 
in the soil. Another source which keeps continuously supplementing 
the nitrogen compounds in the soil is the vital activities of the so 
called nitrobacteria, capable of assimilating atmospheric nitrogen. 
Some of these bacteria inhabit the roots of Plants of the bean family 
causing the formation of characteristic swellings, called “nodules.” 
Hence, the name nodule bacteria (Fig. 101). Assimilating atmospheric 
nitrogen, nodule bacteria convert it into nitrogen compounds, 
and plants, in their turn, convert the latter into proteins and other 
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complex substances. That is why bean plants, contrary to others, 
thrive excellently in soils which are almost devoid of nitrogen 
compounds. 

The activities of bacteria which assimilate atmospheric nitrogen 
are the main reason for the quantity of combined nitrogen in the soil 
remaining more or less constant despite its losses due to the decom po- 
sition of nitrogen compounds. This decomposition is balanced by the 
formation of new nitrogen compounds, and thus there is a continuous 
nitrogen cycle in nature (Fig. 102). 


PHOSPHORUS: at. wt. 30.975 


147. Phosphorus in Nature. Preparation and Properties of Phospho- 
rus. Phosphorus is one of the more abundant elements, its content 
in the earth’s crust being about 0.12 per cent. Owing to its high 
oxidizing ability phosphorus does not occur in nature in the free state. 

Of the compounds of phosphorus, the most important is the cal- 
cium salt of phosphoric acid Caa(PO.)s, which forms vast deposits 
in places as the mineral phosphorite. The largest deposits of phospho- 
rites in the U.S.S.R. are in Southern Kazakhstan in the Kara-Tau 
Mountains. Another frequently occurring mineral is apatite, contain- 
ing CaF, or CaCl, besides Cas(PO,)2. Immense deposits of apatite 
were discovered in the twenties of this century on the Kola Penin- 
sula in the Khibiny Mountains. The resources of this deposit are the 
largest in the world. 

Like nitrogen, phosphorus is quite indispensable to all living 
creatures. It is contained in various proteins both of plant and animal 
origin. In plants phosphorus is contained mainly in the seed proteins; 
in animal organisms—in the proteins of milk, blood, brain and nerve 
tissues. Besides, a large amount of phosphorus is contained as cal- 
cium phosphate Cas(PO;)» in the bones of vertebrates. When bones 
are burnt all the organic substances are driven olf, the residue con- 
sisting mainly of calcium phosphate. 

Free phosphorus was first isolated from urine as far back as the 
XVII century by the alchemist Brand. At present phosphorus is 
prepared from calcium phosphate. For this purpose calcium phosphate 
is mixed with sand and coal and calcined without access of air in 
special furnaces by means of electric current. 

To understand the reaction that takes place we must conceive 
calcium phosphate as a compound of calcium oxide and phosphoric 
anhydride (3Ca0-P205); sand, as we know, is silicon dioxide or 
silicic anhydride Si02. Ata high temperature silicon dioxide displaces 
phosphorus pentoxide, and combining with calcium oxide, forms 
the calcium salt of silicic acid CaSiO, while phosphorus pentoxide 
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is reduced by the charcoal to elemental phosphorus: 


P,0,-3Ca0 4+ 38i0,=3CaSi0, P20; 
P,0,4+50C=2P +5C0 


Adding up these two equations, we get: 
Cas (PO) s+ 3510+ 5C=3Ca5i0; + 2P + 5C0 


The phosphorus liberated vapourizes and is condensed in a collector 
under water. 
Phosphorus has several allotropic modifications. 


White phosphorus results when phosphorus vapours are cooled 
rapidly. It is crystalline solid with a specific gravity of 1.82. When 
pure, white phosphorus is quite colourless; the commercial product, 


however, is usually yellow in colour and greatly resembles wax in 
appearance. In the cold white phosphorus is brittle, but above 15°C 
it softens and can easily be cut with a knife. White phosphorus melts 


at 44.2°C and begins to boil at 280.5°C. In the vapour form below 
800°C the phosphorus molecule consists of four atoms (P,). In the air 
white phosphorus oxidizes very rapidly and glows in the dark. Hence 
its name phosphorus which literally means “light bearing.” The slight 
amount of heat evolved by mere friction is sufficient to male phos- 
phorus burst into flame and burn, evolving a large amount of heat. 
Phosphorus may ignite spontaneously in the air due to the liberation 


of heat during its oxidation. To prevent white phosphorus from 
oxidizing it is kept under water. White phosphorus is insoluble in 
water, but dissolves readily in carbon disulphide. 
White phosphorus is a strong poison, mortal even in small doses. 
Tf white phosphorus is heated for a long time out of contact with 


air at 250 to 300°C, it turns into another modification of phosphorus, 
having a purple-red colour and called red phosphorus. The same 
transformation takes place, though much more slowly, under the 


action of light. 

Red phosphorus differs greatly in properties from white. It oxidizes 
very slowly in the air, does not glow in the dark, ignites only at 
260°C, does not dissolve in carbon disulphide and is not poisonous. 
The specific gravity of red phosphorus is 2.20. Tf heated strongly 
red phosphorus vapourizes without melting and upon cooling turns 
into white phosphorus.* 

Black phosphorus forms from red phosphorus if the latter is heated 
to 350°C under several hundred atmospheres pressure. In appearance 
it greatly resembles graphite, is greasy to the touch, conducts elec- 


* Red phosphorus is apparently not quite a homogeneous substance, but 
consists of several modifications of phosphorus, which have not as yet been 
studied thoroughly. 
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tricity well and is much heavier than the other modifications of 
phosphorus. The specific gravity of black phosphorus is 2.70 and its 
ignition temperature is 490°C. 

The chief field of application of phosphorus is the manufacture of 
matches. Matches have become such a necessity in everyday life that 
it is difficult to imagine how people ever got along without them. 
Meanwhile, matches have existed only for 150 years. 

The first matches, which appeared in 1805, were wooden splints 
one end of which was coated with a mixture of potassium chlorate, 
sugar and gum arabic. These matches were ignited by wetting their 
heads with concentrated sulphuric acid. For this purpose the splints 
were dipped into a tiny phial containing asbestos moistened with 
sulphuric acid. The reason for the ignition of the mixture Was ex- 
plained on page 324. 

Phosphorus matches, ignited by friction, were invented in the 
thirties of the last century. The match heads consisted of sulphur 
coated with a mixture of white phosphorus and certain substances 
rich in oxygen (minium Pbs30:, or manganese dioxide MnO») held 
together with glue. These matches were called sulphur matches and 
were in use in Russia until the end of the XIX century. They ignited 
easily when rubbed on any surface, which, though convenient, made 
these matches very dangerous from the point of view of fire hazards. 
Besides, owing to the poisonousness of white phosphorus, their 
manufacture was very injurious to the health of the workers at 
match factories. Cases of poisoning by matches were also common. 
At present the manufacture of sulphur matches has been discon- 
tinued in almost all countries, having been forced out by safety 
matches. These matches were first manufactured in Sweden, for which 
reason they are sometimes known as Swedish matches. 

Only red phosphorus is used in the manufacture of safety matches, 
and it is contained not in the match head but only in the composition 
coating the side of the match box. The head of the match consists of 
a mixture of combustible substances with potassium chlorate and 
compounds catalyzing its decomposition (pyrolusite, Fes03 and 
others). The mixture ignites readily if rubbed against the coated side 
of a match box. 

Besides the match industry, phosphorus is used for military pur- 
poses. As the combustion of phosphorus resultsin a thick white smoke, 
white phosphorus is used to fill smoke screen shells and hand gre- 
nades. 

Free phosphorus is very active. It combines directly with many 
simple substances, liberating a large amount of heat. Phosphorus 
combines the most readily with oxygen, then with the halogens, 
sulphur and many metals, forming in the latter case phosphides, 
analogous to nitrides, such as CasP2, MgsP2, etc. 
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All these properties are especially pronounced in white phosphorus; 
red phosphorus reacts less vigorously, while black phosphorus 
generally enters into chemical reactions with great difficulty. 

148. Phosphorus Compounds with Hydrogen and the Halogens. 
Phosphorus forms three compounds with hydrogen, namely gaseous 
hydrogen phosphide PH, liquid hydrogen phosphide PsH,, and solid 
hydrogen phosphide PisHs. 

Gaseous hydrogen phosphide or phosphine PH s can be prepared by 
boiling white phosphorus with KOH solution or, more simply, by 
the action of hydrochloric acid on calcium phosphide CasP 2: 

CaP, + 6HClI= 3CaCl, + 2PH, 

Gaseous hydrogen phosphide is a colourless gas withithe odour of 
garlic, very poisonous. The preparation of gaseous hydrogen phosphide 
is sometimes accompanied by the formation of small amounts of 
liquid hydrogen phosphide, the vapours of which ignite spontaneously 
in the air, The presence of P2H, accounts for the spontaneous com- 
bustion of gaseous hydrogen phosphide observed sometimes during 
its preparation. 

The combustion of hydrogen phosphide results in phosphorus pent- 
oxide and water: 

2PH, 4-40, = P,0, + 3H,0 

Like ammonia, hydrogen phosphide combines with hydrohalic 
acids (but not with oxyacids), forming salts in which the part of 
the metal is played by PH,, called the phosphonium group, For 
instance, phosphonium chloride PH,Cl. Phosphonium salts are very 
unstable compounds; when brought into contact with water they 
decompose into the hydrogen halide and PHs. 

Phosphorus combines directly with all the halogens liberating a 
great amount of heat. Of practical importance are mainly its com 
pounds with chlorine. 

Phosphorus trichloride PCl is prepared by passing chlorine over 
melted phosphorus. It is a liquid, boiling at 76°C. 

In water PCls undergoes complete hydrolysis into hydrogen chlo 
ride and phosphorous acid: 

PCl, + 3H,0 = HPO, 4 3HCL 

If chlorine is passed through phosphorus trichloride the result is 
phosphorus pentachloride PCl;, a white solid, also hydrolyzing in 
water into hydrogen chloride and phosphoric acid. Phosphorus forms 
similar compounds with bromine, iodine and fluorine; however, in the 
case of iodine no compound of the composition PI; is known. 

Phosphorus trichloride and pentachloride are widely used in the 
synthesis of various organic substances. 

149. Oxides and Acids of Phosphorus. Phosphorus forms three 
compounds with oxygen, viz., phosphorus anhydride or phosphorus 
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trioxide P20, phosphoric anhydride or phosphorus pentoxide P20s 
and phosphorus tetroxide P20. 

Phosphorus triozide P03 is prepared by the slow oxidation of 
phosphorus or by burning phosphorus in a limited supply of oxygen. 
It is a white crystalline substance melting at 23.8°C and boiling at 
178°C. Its molecular weight at low temperatures corresponds to the 
formula POs. When treated with cold water phosphorus trioxide 
combines with it slowly, forming phosphorous acid H3PO. Both phos- 
phorus trioxide and phosphorous acid are active reducing agents. 

Phosphorus pentozide P20; results from the combustion of phos- 
phorus in air or in oxygen, as a white voluminous snow-like mass 
with a melting point of 563°C. Its vapour density corresponds to the 
formula P01. 

Phosphorus pentoxide combines avidly with water and is thus 
a good dehydrating agent. It is also capable of removing the elements 
of water from other compounds, such as sulphuric and nitric acids 
(see p. 389). In the air phosphorus pentoxide deliquesces, turning 
rapidly into a sticky mass of metaphosphoric acid. 

‘The molecular structure of phosphorus trioxide and pentoxide can 
be represented by the following structural formulas: 
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Phosphorus tetrozide Ps0, is a colourless shiny crystalline sub- 
stance. This oxide, like N20, may be regarded as a mixed oxide. 
When dissolved in waterit forms equimolecular quantities of phos- 
phoric and phosphorous acids: 

P,0,4+3H,0 = H,PO,-+ HPO, 
The phosphoric acids. Depending on the temperature phosphorus 


pentoxide is capable of combining with different quantities of water 
lo form meta-, pyro- and orthophosphoric acids: 


P,0s+ H,0 = 2H PO, (metaphosphoric acid) 
P,0, + 2H,0 = HAP,0; (pyrophosphoric acid) 
P,0, + 3H,0 = 2H,PO, (orthophosphoric acid) 
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When phosphorus pentoxide is dissolved in cold water the result 
is metaphosphoric acid, the simplest formula of which is HPO 3; the 
actual composition of its molecule is expressed by theformula (HPOs),, 
where 2=3, 4, 5, 6, etc. If a solution of metaphosphoric acid is evap- 
orated, the latter separates out as a vitreous mass, readily soluble 
in water. Metaphosphoric acid is very poisonous. ‘The salts of meta- 
phosphoric acid are used to Soften water. 

If a solution of metaphosphoric acid is boiled, molecules of water 
unite with it to form tribasic orthophosphoric acid Hs3PO:;,: 


(HPO,)s= 2H,0 =H PO, 


Orthophosphoric acid HsPO, forms colourless crystals melting at 
49°C. It is very soluble in water. 

Orthophosphoric acid is not poisonous. 

When heated dry to 215°C every two molecules of orthophosphoric 
acid split off one molecule of water forming tetrabasic pyrophosphoric 
acid as a vitreous mass, soluble in water: 
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or 
2H,PO,= HP, 0; 4 H,0 


The most important of the above three acids is orthophosphoric 
acid and it is usually the one meant when phosphoric acid is men 
tioned. 

Orthophosphoric acid can be prepared not only by boiling a solu- 
tion of metaphosphoric acid, but also by oxidizing red phosphorus 
with nitric acid: 

0 +*V +V +1 
BP +5HNO, + 2H,0 = 3H,PO, +5NO 

Orthophosphoric acid is prepared for technical purposes mostly 

by the action of sulphuric acid on calcium phosphate: p 


Ca, (PO) 3H250,= } 3CaSO, +-2HPO, 


As the calcium sulphate formed is almost insoluble in water, the 
phosphoric acid solution can easily be separated from it and then 
concentrated by evaporation. 

Phosphoric acid is an acid of moderate strength. Its primary 
ionization constant equals 7.5X107%. In aqueous solution phos- 
phoric acid ionizes mainly into H'- and H:PO;-ion. 

A tribasic acid, orthophosphoric acid forms three series of salts: 
normal salts, acid salts with one hydrogen atom in the acid radical 
and acid salts with two hydrogen atoms in the acid radical. The 
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normal salts of phosphoric acid are called phosphates, the acid salts, 
hydrogen or acid phosphates, 


NasPO,; Ca, (PO,),— normal, or tertiary, phosphates 
NasHPO,; Cas (HPO,),— secondary, hydrogen, or acid, phosphater 
NaH,PO,; Ca (H,PO,),— primary, dihydrogen, or diacid, phosphates 


All the primary phosphates are soluble in water; of the secondary 
and tertiary phosphates only those of sodium, potassium and am- 
monium are soluble. 

150. Phosphate Fertilizers. The salts of phosphoric acid are of 
especially great importance in agriculture. As was mentioned above, 
phosphorus is contained in the proteins of plants. Therefore, it is 
just as important an element for plants as nitrogen. Plants receive 
their phosphorus from the soil, in which it is contained as phosphoric 
acid salts. But the phosphorus content in soils is very low and a 
deficiency lowers the crop yield, especially of grain cultures and 
tubers (sugar beet). To increase the crops various phosphate fertili- 
zers are introduced into the soil. 

Natural phosphorus compounds, phosphorites and apatites, con- 
tain phosphorus in the form of the insoluble tertiary phosphate 
Cas(PO,)s, which is difficult for plants to assimilate. ‘To obtain 
readily assimilated fertilizers, phosphorites are treated chemically 
to convert the normal salt into an acid one. This is how the most 
important phosphate fertilizers, called superphosphate and precipi- 
tate, are prepared. 

To produce superphosphate, finely ground natural phosphorite 
is mixed with enough sulphuric acid to total two molecules of H550, 
for every molecule of Cas(PO;,)s». The mixture is vigorously mixed 
and charged into special continuous action chambers, where the 
following reaction is completed: 


Cas (PO), 4 2H,S0, = 2CaSO,4- Ca (HPO), 


The reaction results in a mixture of gypsum and the primary 
phosphate Ca(HsPO;,)s2, which is comparatively soluble in water. This 
mixture, ground or granulated, is known as superphosphate. 

The manufacture of superphosphate is one of the largest branches 
of the basic chemical industry, closely connected with the production 
of sulphuric acid. Most of the sulphuric acid produced is used for 
the manufacture of superphosphate. The output of superphosphate 
in the capitalist countries alone amounted to 22 million tons in 1958. 

Precipitate is a phosphate fertilizer containing secondary calcium 
phosphate Cas(HPO,)s or CaHPO;,, which is insoluble in water but 
dissolves in the acids contained in soils. 

To prepare precipitate free phosphoric acid is first evolved from 
phosphorite by treating the latter with a greater quantity of sulphuric 
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acid than is necessary for the production of superphosphate: 
Ca, (PO), 4+ 3H,S0,= 30450, + 2H, PO, 


The phosphoric acid solution is decanted from the precipitate, 
which contains gypsum and other insoluble admixtures, and milk 
of lime, i.e., a suspension of lime in Water, is added to it in sufficient 
quantity to form the secondary phosphate: 


H,PO, + Ca (OH),= J CaHPO;,-H,0 4- H,0 


The crystalline precipitate is separated from the liquid and care- 
fully dried, so as not to drive off the water contained in the crystals. 
This salt is assimilated readily by plants if it has not lost its water 
of crystallization. 

A third type of phosphate fertilizer, produced lately in large quan- 
tities, are the ammonium phosphates, known as ammophoses. The 
most important of these is diammophos (NH;,):HPO;,. Ammophoses 
are complex fortilizers, containing nitrogen besides phosphorus. 

Before the Revolution the phosphate fertilizer industry was in 
its embryonic stage in Russia. In 1913 the output of the few existing 
superphosphate plants totalled only 70 or 80 thousand tons. 

The construction of new plants began only in 1925-26 and im- 
mediately assumed a large scale. During the pre-war five-year periods 
a number of large plants for the production of phosphate fertilizers 
were erected. By 1938 the U.S.S.R. occupied the first place in Europe 
for the production of superphosphate. 

The production of mineral fertilizers now occupies first place in 
the output of the chemical industry of the U.S.S.R. 

In 1955 the total output of all mineral fertilizers (including phos- 
phate fertilizers) amounted to 9.6 million tons. It will grow even 
higher during the Sixth Five-Year Plan. The output of various 
mineral fertilizers in 1960 will reach 19.6 million tons, including 
a considerable increase in the production of the most effective ferti- 
lizers. For instance, the yearly output of concentrated phosphate 
fertilizers will be about one million tons. 


ARSENIC SUBGROU. 


151. Arsenic (Arsenicum); at. wt. 74.91. Arsenic occurs in nature 
mainly as compounds with metals and sulphur and but rarely in 
the native state. The content of arsenic in the earth's crust amounts 
to 0.00005 per cent by weight. 

Arsenic is usually obtained from mispickel (arsenopyrite) FeAsS. 
When heated out of contact with the air, this mineral decomposes 
into iron sulphide and arsenic, which sublimates, owing to its vola- 
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tility. The resulting product is usually impure and has to be refined. 
Pure arsenic is a dark grey crystalline substance with a metallic 
lustre and a specific gravity of 5.73. It is very brittle and is quite a 
good conductor of heat and electricity, its electrical conductivity 
being only 22 times less than that of copper. 

Like phosphorus, arsenic forms several allotropic modifications. 
Besides grey crystalline arsenic mention should be made of black 
amorphous arsenic, obtained by the decomposition of hydrogen arse- 
nide. All the allotropic modifications of arsenic sublime when heated, 
without melting. 

Arsenic is insoluble in water. In the air it oxidizes very slowly at 
ordinary temperatures, but burns if heated strongly, forming white 


Fig. 103. Apparatus for detection of arsenic 


arsenious anhydride As20s and giving rise to a characteristic garlic- 
like odour. At a high temperature arsenic will combine directly with 
many elements. 

Arsenic is tri- and pentavalent in its compounds. 

Elemental arsenic and all its compounds are poisonous. 

Arsenic trihydride, hydrogen arsenide, or arsine, ASHs, is a colour- 
less, very poisonous gas with a characteristic garlic-like odour, 
slightly soluble in water. Hydrogen arsenide forms when any ar- 
senious compound is reduced by nascent hydrogen. For instance: 


AsO, + 67n 4 6H,S0,= 2AsH, + 6ZnS0, + 3H0 


Hydrogen arsenide is rather unstable, and when heated decomposes 
readily into hydrogen and elemental arsenic. 

Advantage is taken of the ability of hydrogen arsenide to decom- 
pose when heated for the detection of arsenic in various substances. 
For this purpose the apparatus shown in Fig. 103 is employed. It 
consists of a double-necked bottle for the preparation of hydrogen 
and a refractory tube with its end drawn out and upwards and with 
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a kink in the middle. Between the bottle and the tube is a small 
bulb containing calcium chloride for drying the hydrogen liberated. 

Several pieces of pure zinc are placed in the bottle and dilute hydro- 
chloric acid is poured over them; when all the air has been forced out 
of the apparatus, the hydrogen is ignited at the drawn-out end of the 
tube. Then a portion of the substance under test is added to the bottle 
through a thistle tube and heat is applied to the kink of the horizon- 
tal tube. If the substance contains arsenic, hydrogen arsenide will 
form in the bottle and decompose again on passing through the heated 
part of the tube. The arsenic thus liberated deposits on the cold 
parts of the tube as a shiny black deposit (“arsenic mirror”). 

This method enables detection of even insignificant quantities 
of arsenic. 

Arsenic has two oxides, viz., arsenic trioxide or arsenious anhyd- 
ride As20s3 and arsenic pentoxide or arsenic anhydride Ass»0s. 

Arsenic triozide As20 results when arsenic burns in air or arsenic 
ores are calcined. It is a white crystalline substance, commonly known 
as white arsenic or just arsenic. Arsenic trioxide is only slightly 
soluble in water, a saturated solution at 15°C containing only 1.5 per 
cent Ass203. When dissolved, arsenic trioxide combines with water 
to form the hydroxide As(OH)s or Hs3As0 3: 


AsO, + 3H,0 = 2As (OH) 


It is amphoteric but with predominating acid properties and for 
that reason is called arsenious acid. 

Arsenious acid H 3As0O; has not been obtained in the free state and 
is known only in aqueous solution. It is a very week acid (K=6X 
X1071!0). Its salts are called arsenites. The arsenites of the alkali 
metals can easily be obtained by the action of alkalis on Ass»03: 


As,0,+ 6KOH = 2K,,As0, 4+ 3H,0 


Many arsenites are derivatives of metarsenious acid HAsO. 
Arsenious acid and its salts are very active reducing agents. 


If arsenic or arsenic trioxide is oxidized by nitric acid, arsenic acid 
results: 


+I LAY +V “II 
3As,0, + 4HNO, + 7H,0 = 6H AsO, + 4NO 


Arsenic acid H3As0, is a solid, readily soluble in water. The 
strength of this acid is about the same as phosphoric acid. Its salts, 
called arsenates, greatly resemble the corresponding phosphates. 
Meta- and pyroarsenic acids are also known. If arsenic acid is cal- 
cined it turns into arsenic pentozide Ass0;5, a white vitreous mass. 

A comparison of the properties of arsenious and arsenic acids shows 
that the acid properties are more pronounced in the latter. Such a 
gradation of properties is a general law characteristic of all elements, 
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namely, as the valency of an element increases, the nature of its hy- 
drowvide changes, its acid properties becoming more, and basic properties 
less, pronounced. 


Sulphides of Arsenic. Tf hydrogen sul hide is passed through a solution of 
HAsO; acidified with hydrochloric acid, a yellow precipitate of arsenic tri- 
sulphide AssSs, insoluble in hydrochloric acid, is formed. The reactions that take 
place can be expressed by the equations: 

HAsO, + 3HCl = AsCl, + 3H,0 
2AsCl, +3H,S= { As:Ss + 6HCl 

Yellow arsenic pentasulphide ASS; can be obtained in a similar way by the 
action of hydrogen sulphide on a solution of HsAsO, in hydrochloric acid: 


HAsO, + 5HCl 2 AsCls + 4H,0 
2AsCl, + 5HS= Y As:Ss + 10HCL 


The sulphides of arsenic react with the sulphides of the alkali metals NaS, 
KS and with (NH)»S to form soluble salts of thioarsenious acid H,AsSs and 
thioarsenic acid HsAsS,, which differ from the oxyacids of arsenic in that all 
the oxygen in them is substituted by sulphur: 


AsSs + 3NasS5 = 2Na,AsS, 


sodium 
thioarsenite 


AsSs + 3Na,S = 2NasAsS, 


sodium 
thioarsenite 


Thioarsenic acid salts can be obtained also by the action of the alkali poly- 
sulphides On AssSg: 
AssSs-+ Nass + 2Na,S= 2NasAsS, 


+HI + 
2As—d4e7 =2As 
II 
SIT 42: =3S 


Thioacids are very unstable in the free state and decompose readily into 
hydrogen sulphide and the corresponding sulphide. For example: 


2H,AsS,= As:5s + 3H S 


Therefore, if arsenic thiosalts are treated with strong acids, hydrogen sulphide 
is liberated and the thiosalts break down into the sulphides: 

2NasAsS, + 6HCL— 6NaCl +- As,Ss + 3H2S 

2NasAsS, + 6HCI=6NaCl + J ASS; + 3H 


The decomposition of the thioacids into hydrogen sulphide and the sulphides 
is analogous to the decom position of the corresponding oxyacids into water and 
the anhydride: 

2H,As0,= As:0s + 3H 20 
2H,AsS,= As+Ss + 3HS 
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For this reason sulphides which form thioacids are called the thioanhydrides 
of those acids. 


The uses of elemental arsenic are very limited. It is added in small 
quantities to various alloys of non-ferrous metals to make them hard- 
er and more resistant to corrosion. But arsenic compounds are very 
widely used in connection with the pronounced physiological action 
of arsenic on almost all plant and animal organisms. 

Arsenic compounds have long been used as medicines, small doses 
of arsenic stimulating metabolism and strengthening the organism. 
Dilute solutions of potassium arsenide are usually used for this pur- 
pose. Arsenic is contained also in many organic medicinals, such as 
novarsanol, salvarsan, etc. 

Another extensive field.of application of arsenic compounds is 
agriculture, where many salts of arsenious and arsenic acids are 
employed as “insecticides” (substances which destroy insect 

eStS). 

Kn trioxide is used as a poison for destroying rats, mice and 
other rodents. 

Arsenic sulphides are used as yellow paints, as well as in the tan- 
ning industry for removing hair from hides. 

The world production of white arsenic As203 (not counting the 
U.S.S.R.) is 60 to 70 thousand tons per year and is concentrated 
mainly in the U.S.A. and Sweden. 

152. Antimony (Stibium); at. wt. 121.76. Antimony occurs in 
nature usually as compounds with sulphur, in the form of desmine 
Sb53. In spite of the fact that the content of antimony in the earth's 
crust is comparatively low (0.00005 per cent by weight) it has been 
known since ancient times. This is due to the frequent occurrence 
of desmine in nature and the ease with which pure antimony can be 
extracted from it. If calcined (roasted) in the presence of air desmine 
is converted into antimony tetroxide Sbs0,, from which antimony 
is obtained by reduction with coal. 

In the free state antimony is a silver-white solid with a metallic 
lustre, a specific gravity of 6.62 and a melting point of 630.5°C. It is 
very much like a metal in appearance but is brittle and a much worse 
conductor of heat. and electricity than ordinary metals. Besides 
this “metallic” form of antimony, other allotropic modifications are 
known. 

Metallic antimony is used in many alloys to make them harder. 
An alloy consisting of antimony and lead with a little tin added is 
called type metal and is used for making type. 

The world production of antimony (not counting the U.S.S.R.) is 
about 40,000 tons per year. Its main producers are Mexico, Bolivia, 
Yugoslavia and China. Tsarist Russia had no antimony industry in 
spite of the fact that it possessed the necessary raw material base. 
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PR began to be extracted from domestic ores only in Soviet 
imes. 

Antimony resembles arsenic greatly in its compounds but has more 
pronounced metallic properties. 

Hydrogen antimonide SbHs is a poisonous gas formed under the 
same conditions as hydrogen arsenide. When heated it decomposes 
even more readily than AsHs, forming antimony and hydrogen. 

Antimony trioxide or antimonious anhydride Sb20s is a typical 
amphoteric oxide with somewhat predominating basic properties. 
Antimony trioxide dissolves in strong acids, such as sulphuric and 
hydrochloric, forming salts, in which antimony behaves like a tri- 
valent metal: 

Sb0, + 3H 50 ,= Sb (SO): + 3H20 
Antimony trioxide dissolves also in alkalis, resulting in salts of anti- 
monious acid Hs3SbOs or metantimonious acid HSbO;. For example: 


Sb,0, + 2NaOH = 2NaSbO: + H,0 


Antimonious acid or antimony hydroxide Sb(OH)s falls out as a 
white precipitate when salts of trivalent antimony are treated with 


alkalis: 
SbCl, + 3NaOH = { Sb (0H), 3Nadl 


i precipitate dissolves readily both in acids and in an excess of 
alkali. 

The salts of trivalent antimony, as salts of a weak base, hydrolyze 
in aqueous solution forming basic salts: 


SbCl, + 2H,0 Z: Sb (OH); C+ 2HCI 


But salts of this kind can easily split off one molecule of water and 
pass into basic salts of another type: 


Sb (OH), CL=SbOCI-+L HO 


In the latter salt the SbO group plays the part of a univalent metal 
and is known as antimonyl. The salt produced is called antimony 
oxychloride or antimonyl chloride. 

Antimony pentoxide or antimonic anhydride Sb20 5 is predominantly 
acidic in properties; it has three corresponding acids: ortho-, meta- 
and pyroantimonic acids (H3SbO:,, HSbOs and Hi,Sbs20,). Salts of 
all three acids are known. 


Antimony tetroxide Sba0, is a mixed oxide in which one antimony atom is 
trivalent and the other pentavalent. It is prepared by heating either Sbs0s 
or Sba0; in the presence of air. It is the most stable oxide of antimony. Usually 
antimony tetroxide is regarded as the antimony salt of orthoantimonic acid 
SbSbO,. 

The sulphides of antimony Sb,Ss and SbsS; are quite analogous in properties 
to the sulphides of arsenic. They are orange-red substances, which dissolve in 
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the alkali sulphides, to form thiosalts. Antimony sulphides are used in tle 
manufacture of matches and in the rubber industry. 


153. Bismuth (Bismuthum); at. wt. 209.00. The last member of 
the arsenic subgroup, bismuth, is characterized by a pronounced 
predominance of metallic properties over non-metallic, and may be 
regarded as a metal. 

Bismuth occurs rarely in nature (the content of bismuth in the 
earth's crust constitutes 0.00001 per cent by weight). It is found both 
in the native state and in the form of the compounds bismuth ochre 
Bis03 and bismuthite BisS3. The world production of bismuth is 
1,000-1,500 tons per year. 

In the free state bismuth is a shiny reddish-white brittle metal 
having a specific gravity of 9.8 and melting at 271.3°C. It is contained 
in many fusible alloys used in printing, various fire protection de- 
vices, etc. 

At ordinary temperatures bismuth does not oxidize in the air but 
burns if heated strongly, forming bismuth oxide Bis0s3. Bismuth 
can be dissolved in nitric acid. 

Bismuth hydride BiH s was first obtained in insignificant quantities 
in 1918 by treating an alloy of bismuth and magnesium with hydro- 
chloric acid. It is very unstable and decomposes slowly even at ordi- 
nary temperatures. 

Bismuth triozide Bi20; results when bismuth is calcined in air and 
also from the decomposition of bismuth nitrate. It is basic in nature 
and dissolves in acids to form salts of trivalent bismuth. Besides it, 
three more oxides are known, namely, BiO, Bis0, and Bis0;s, of 
which Bis0; possesses slightly acidic properties. 

Bismuth hydroxide Bi(OH)s separates as a white precipitate when 
soluble bismuth salts are treated with alkalis: 


Bi (NO), + 3NaOH = } Bi (OH), + 3NaNO, 


Bismuth hydroxide is a very weak base. That is why bismuth salts 
are easily hydrolyzed, forming the basic salts which are very slightly 
soluble in water. 3 

Among the salts of bismuth the following are worthy of mention: 

Bismuth nitrate Bi(NO:s)s-5H 20. This salt can be crystallized out 
of a solution of bismuth in nitric acid. It dissolves readily in a small 
quantity of water acidified with nitric acid. If the solution is diluted 
with water, hydrolysis occurs, and a basic salt of the composition 
Bi(OH)sN 03 precipitates out: 


Bi (NO), + 2H0 = } Bi (OH),NO, + 2ANO, 


The reaction, however, is reversible, and therefore an excess of acid 
redissolves the precipitate, changing it back into Bi(NOs)s. 


mee 
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Basic bismuth nitrate is used in medicine to cure certain gastric 
diseases. 

Bismuth chloride BiCls can be prepared by heating bismuth in a 
stream of chlorine or by dissolving it in aqua regia. BiCls decomposes 
in water, forming a white precipitate of the basic salt bismuth ozxy- 
chloride or bismuthyl chloride BiOCIl. 

Bismuth sulphide BisS3 is formed as a blackish-brown precipitate 
by the action of hydrogen sulphide on bismuth salts. The precipitate 
does not dissolve in the alkali sulphides; contrary to arsenic and 
antimony, bismuth does not form thiosalts. - 


CHAPTER XVI 


The Carbon Group 


Name of element sree HE ae Arrangement of electrons in layers 
Carbon ....| C 12.011 6 2 4 

Silicon ai. 2s li aSi 28.09 14 2 8 4 

Germanium . .| Ge 72.60 32 2 8 48 4 | 
Al 3s Sv Ea dahte Sn | 118.70 50 2 8 | 18 | 18 4 
Lead, na fo. 2]. Ph]. 207.24 82 2 8 | 18 | 32 | 18 (0 


154. General Features of the Carbon Group. Carbon is the first ele- 
ment of the fourth group in the Periodic Table. The second box of 
this group is occupied by silicon, situated in the third short period. 
The atoms of both elements have four electrons in their outer layer and 
form covalent bonds quite readily with four atoms of hydrogen, which 
characterizes them as non-metals, though less typical than the corre- 
sponding elements in the fifth group. Germanium, tin and lead are 
similar to carbon and silicon in atomic structure. Together these five 
elements form the main subgroup of the fourth group called also 
the carbon group. 

In view of the increase in atomic volume from carbon to lead, the 
capacity for gaining electrons, and therefore the non-metallic prop- 
erties of the carbon group elements, should be expected to weaken 
and their ability to yield electrons, to become Stronger in the same 
sequence. Indeed, germanium already Possesses pronounced metallic 
Properties, while the metallic properties of tin and lead predominate 
greatly over their non-metallic properties. Thus, only the first two 
members of this group are non-metals, the other three usually being 
classed as metals. 

Owing to the presence of four electrons in the outer layer of the 
atom, the highest valency of all the elements of the carbon group, 
both positive and negative, equals four. The elements of the carbon 
group also manifest a positive valency of two, but bivalent compounds 
of carbon and silicon are scarce and comparatively unstable. 
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This chapter will deal only with carbon and silicon; the rest of 
the elements of the carbon group will be discussed later on, together 
with the other metals. 


CARBON (Carboneum); at. wt. 12.011 


155. Carbon in Nature. Carbon is found in nature both in the ele- 
mental state and in numerous compounds. Native carbon occurs in 
the form of two simple substances, diamond and graphite. A third 
simple substance consisting also of carbon, namely, charcoal, can be 
obtained only artificially. However, there are substances in nature 
very close in composition to charcoal. Such, for instance, are various 
kinds of mineral coal, forming huge deposits at many points of the 
globe. Some mineral coals contain as much as 99 per cent carbon. 

Carbon compounds are very widespread. Besides mineral coal, the 
depths of the earth contain large accumulations of mineral oil, which 
is a complex mixture of various carboniferous compounds, mainly 
hydrocarbons. Salts of carbonic acid occur in immense quantities in 
the earth’s crust, particularly the calcium salt, which frequently 
forms whole mountains of limestone and chalk. The air always con- 
tains carbon dioxide. Finally, plants and animal organisms consist of 
substances, the main constituent of which is carbon. Thus, carbon 
is one of the most abundant elements on the earth, although its total 
content in the earth’s crust has been estimated at not over 0.35 per 
cent by weight. 

Carbon occupies quite a specific position among other elements 
with regard to the abundance and diversity of its compounds. The 
number of carbon compounds already known is well over a million, 
while the compounds of all the rest of the elements taken together 
do not total more than 25 or 30 thousand. 

The diversity of carbon compounds is due to the ability of its atoms 
to unite with one another into long chains or rings consisting some- 
times of scores or even hundreds of atoms (see § 168). 

156. Allotropy of Carbon. Elemental carbon is known in three allo- 
tropic modifications: diamond, crystallizing in the isometric system; 
graphite, belonging to the hexagonal system, and amorphous carbon, 
usually called coal or charcoal. The latter modification is apparently 
but a peculiar cryptocrystalline form of graphite. It has not been 
established for certain to the present day whether an amorphous 
modification of carbon really exists or not. 

Diamond is a colourless substance which refracts light rays very 
strongly. Diamonds occur rarely in nature, usually in the form otf 
small crystals embedded in rocks or disseminated through placer 
deposits. The largest diamond ever found weighed 620 gr. Large 
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diamond deposits have been found in Congo and South Africa. Rich 
diamond deposits have been discovered recently in the Yakut A.S.S.R 
(Eastern Siberia). f 

The specific gravity of diamond is 3.5. Diamond is harder than any 
other known substance and it is employed to work various hard 
materials, to cut glass and to drill rocks. Being very hard, diamond 
is at the same time very brittle. The powder left over when cutting 
diamonds is used to manufacture gems and cut other diamonds. 
Finely cut and perfectly transparent diamonds are called brilliants. 

In 1954 the world production of diamonds was about 4 tons, of 
which 82 per cent were used for technical purposes. 

Owing to the great value of diamonds there have been many 
attempts to obtain them artificially from graphite. But until re- 
cently these attempts were fruitless. Only in 1955 did American, and 
simultaneously Swedish, scientists succeed in producing artificial 
diamonds, by using very high pressures (around 70 or 100 thousand 
atm.) and prolonged heating at about 3,000°C. The procedures were 
based on precise theoretical calculations. The diamonds obtained were 
small yellow crystals, the cost of which is as yet much higher than 
that of natural diamonds. 

If heated strongly in oxygen diamond will burn up, the only 
product of its combustion being carbon dioxide. If heated strongly 
without access of air it turns into graphite. 

Graphite is a dark grey crystalline substance with a Slight metallic 
lustre. Its specific gravity varies from 2.17 to 2.3. Contrary to dia- 
mond, graphite is a very soft substance. If a piece of graphite is drawn 
across a sheet of paper minute graphite crystals in the form of scales 
adhere to the paper, leaving a grey mark. This is the basis of the 
use of graphite for the manufacture of lead pencils. 

Graphite will not burn in air even if heated very strongly but 
burns readily in pure oxygen, turning into COs. 

Graphite conducts electricity; it is used in electrical engineering 
for the manufacture of electrodes. Mixed with clay, graphite is used 
to make refractory crucibles for melting metals. Mixed with oil, 
graphite makes an excellent lubricant, as its scales fill the irregular- 
ities of the material, resulting in a smooth surface which facilitates 
sliding. Graphite is used also as a moderator in nuclear reactors. 

In 1952 the output of graphite by the capitalist countries amounted 
to 134,000 tons. A considerable part of this was mined in Mexico, 
Austria and Madagascar. In the U.S.S.R. large deposits of graphite 
have been found in Eastern Siberia, in the Altai Mountains, along 
in banks of the River Kureika, a tributary of the Enisei, and else- 
where. 

At present graphite is obtained artificially by passing an alternat- 
ing current of great intensity through a mass of granulated coke 
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mixed with pitch and a small quantity of sand. The mixture between 
the electrodes becomes very hot due to its great resistance, and in 
about 24 to 36 hours the carbon turns into graphite. Artificial 
graphite surpasses natural graphite in purity and homogeneity. 

Graphite forms also when molten pig iron is cooled (the carbon 
dissolved in the pig iron is partly liberated as graphite, which ac- 
counts for the grey colour of the pig iron). 

The great difference between the properties of diamond and 
graphite is due to the difference in their internal structure. The ar- 
rangement of the carbon atoms in the crystals of these substances was 
established by means of X-rays. It was found that in diamond cery- 
stals all the carbon atoms are at equal distances (1.54 Angstroms) 
from one another. Each atom is in the centre of a regular tetrahedron 


Fig. 104. Arrangement of carbon atoms Fig. 105. Arrangement. of 
in diamond carbon atoms in graphite 


with other atoms located at its four apices (Fig. 104). Judging by 
the hardness of diamond, the forces acting between its atoms are very 
strong and are probably chemical valency forces, the entire crystal 
being a single huge carbon molecule. 

Graphite crystals are of an entirely different structure. The carbon 
atoms in this substance are located at the corners of regular hexagons 
arranged in parallel planes (Fig. 105). The distance between the 
adjacent planes (3.4 ngstroms) is greater than that between the 
adjacent atoms of the hexagon (1.45 Angstroms), as a result of which 
the bond between atoms lying in the same plane is much stronger 
than that between the planes. Whereas the diamond crystal is a 
single huge three-dimensional molecule, the structure of the graphite 
crystal corresponds to an accumulation of immense flat two-dimen- 
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sional molecules piled onto one another comparatively loosely. The 
weakness of the bonds between the planes manifests itself every 
time we use a lead pencil, the mark left on the paper being composed 
of minute scales split off the graphite. 

Amorphous Carbon (charcoal). If carboniferous compounds are 
heated without access of air, carbon is evolved from them in the 
form of a black mass called amorphous carbon or charcoal. It has 
been proved by X-raying that such carbon consists in many cases 
of tiny crystals, invisible even under the microscope, but having 
the same structure as graphite. It is possible, however, that alone- 
side these crystals charcoal contains really amorphous modifications 
of carbon. 

Charcoal is one of the most refractory substances. Charcoal can 
be observed to melt only if a very intense electric current is passed 
through a graphite rod. The drops of molten charcoal thus formed 
solidify into pure graphite. The melting point of charcoal is about 
3,500°C, 

Amorphous carbon is insoluble in ordinary solvents but dissolves 
in many molten metals such as iron, nickel and platinum. Upon 
cooling it precipitates out of these solutions as graphite. The specific 
gravity of charcoal varies between 1.8 and 2.1. 

Charcoals differ considerably in properties depending on the sub- 
stance from which they are obtained and on the method of their 
preparation. Besides, they always contain impurities which greatly 
influence their properties. The most important technical types of 
amorphous carbon are: coke, wood charcoal, bone charcoal and carbon 
black. 

Coke is obtained by dry distillation of mineral coal. It is used 
chiefly in metallurgy for reducing metals from their ores. 

Wood charcoal is obtained by heating wood out of contact with air. 
Formerly this used to be done in a very crude manner: the wood 
would be piled up in large heaps, “bonfires,” covered with turf, 
leaving small holes for air, and ignited. Part of the wood would be 
burnt, but the greater part would turn into charcoal. Nowadays 
charcoal is usually prepared in large iron retorts, making it possible 
to collect the valuable products of dry distillation, namely, methyl 
alcohol, acetic acid, ete. 

Charcoal is used in metallurgy, in forge-smithing, for the prepara- 
tion of gunpowder, as well as for the absorption of vapours and gases. 

Bone charcoal is prepared by charring degreased bones. It contains 
from 7 to 11 per cent carbon, about 80 per cent calcium phosphate 
and other mineral salts. A distinguishing feature of bone charcoal 
is its very high absorptive capacity, especially with respect to or- 
ganic dyes, and it is used to remove various kinds of colouring matter 
from solutions. 


157. Adsorption 417 


Carbon black (lampblack) is the purest form of amorphous carbon. 
It is prepared in industry by burning pitch, turpentine or other 
substances rich in carbon in a limited supply of air. It is widely 
used as black paint (India ink, printer's ink, etc.) and as an important 
component of rubber in the rubber industry. 

157. Adsorption. As indicated above, charcoal possesses the prop- 
erty of retaining various substances on its surface. This property 
is called adsorption. Both solids and liquids may serve as adsor- 
bents, but the best adsorbents are solid substances. 

Adsorption is due to the fact that the surface particles of a sub- 
stance are in a different state than the particles in the bulk. Inside 
the substance all the forces acting between the particles are mutually 
balanced, while on the surface of the substance only the forces within 
the surface plane are balanced. Therefore the surface layer is capable 
of attracting particles from the adjoining liquid or gaseous phase. 
In many cases the adsorbed layer of particles is monomolecular, i. e., 
one molecule thick. 

Adsorbed molecules oscillate in a definite way. Some of the mole- 
cules may detach themselves and return to the surrounding medium, 


Table 23 
Increase in Surface Area of a Substance Due to Crushing 
Length of Number of | Total surface|| Length of Number of | Total surface 
CUE edgs cubes per শেপ js GUD edge cubes per aren 
CU. CM. CU, CM. 

1 cm. 1 6 em? 1" 10! 6m 
| mm. 109 60 cm: 1 mu 10% 6,000 m2 
0.1 mm, 10° 600 cm* 0.1 mp 10% 60,000 m* 
0.01 mm. 109 6,000 cm? 


their place being taken by other molecules; as a result a definite 
state of adsorption equilibrium is established, during which the 
number of molecules adsorbed by the surface is the same as that 
leaving it. 

The state of adsorption equilibrium depends both on the con- 
centration of the adsorbed substance in the phase adjacent to the 
adsorbent, and on the temperature. As the co jnCreases, 
the absolute quantity of adsorbed molecule: 


CTALUTC ar vohkned 
thE Teo ofhdat. 


27 —3881 § 
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Therefore, according to Le Chatelier’s Principle, a rise in temper- 
ature shifts the adsorption equilibrium in the direction of desorp- 
tion, i. e., liberation of the adsorbed molecules. A drop in tempera- 
ture, on the other hand, increases the amount of substance adsorbed. 

Since adsorption takes place only on the surface of a substance, 
it is clear that the greater the total surface area of the adsorbent, 
the more molecules it can adsorb. Therefore, porous and powdered 
substances, as a rule, are of higher adsorptive capacity than non- 
porous substances. Table 23 shows graphically how rapidly the 
surface of a substance grows 
as it is'crushed. It shows the 
increase in the surface area of 
a cube with an edge one cen- 
timetre long when subdivided 
into cubes with edges of one 
millimetre, 0.1 mm., etc. The 
especially high adsorptive ca- 
pacity of ordinary charcoal 
iS largely due to its porous 
Structure. 

The following experiment 
may be carried out to observe 
the adsorption of gases by 
charcoal. Fill a glass cylin- 
der with ammonia and invert 
it into a vessel containing mer- 
Fig. 1108. Appa! Fig. 107. Gas mask: CU (Fig. 106). Then heat a 
XAtUS for demon 1 Sufbel moet PLSLSUOL Charcoal! with Ages 
strating adsorption  Koggles; © 3—exhale burner, immerse it in the mer- 

of ammonia by © YlVe S2CGUREAIGS cury to cool it and then bring 

Echarcoa ox it under the mouth of the cyl- 

inder. The charcoal will float 

to the surface of the mercury in ‘the cylinder, and the mercury 

will immediately begin to rise, due to adsorption of the ammonia 
by the charcoal. 

The amount of gas adsorbed by an adsorbent depends both on the 
properties of the adsorbent and on the nature of the gas. A definite 
relationship is observed ‘in this respect, namely, the higher the 
critical temperature of a gas, i. e., the easier it can be condensed, 
the better, as a rule, it is adsorbed. 

Table 24 gives the quantities of different gases in millilitres that 
one gram of charcoal can adsorb at 15°C and normal pressure. 

Gases are especially readily adsorbed by activated charcoal. One 
of the best methods of preparing activated charcoal is by heating 
ordinary birch charcoal strongly in a stream of water vapour. After 
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Table 24 
Adsorption of Gases by Charcoal 

Quantity Quantit 

B. p., 14 + Des 

Adsorbed gas degrees UES Adsorbed gas HEE RE Ren AC 

GC ml. 2 TRL. 
Sulphur dioxide. .| 10.1 380 | Carbon dioxide — 18:5 | 47.6 
Chlorine . . . .| —34 295 Methane . . . .| +I161.5 16.2 
Ammonia + | —33.4 181 Oxygen —183 8.2 
Hydrogen sulphide| —60.7 99 Hydrogen . . . .| 252.7 4.7 


such treatment the charcoal becomes very porous and its adsorptive 
capacity greatly increases.* 

Activated charcoal is used for adsorbing the vapours of volatile 
liquids from air and gas mixtures. For instance, benzine can be 
collected by activated charcoal from the natural gases evolved in 
great quantities in oil-bearing districts. Adsorption of volatile liq- 
uids by charcoal and other adsorbents, and their subsequent desorp; 
tion, is a process which has found wide application in industry, as 
it saves considerable quantities of valuable solvents. 

Strongly cooled activated charcoal is an excellent means for ob- 
taining high degrees of evacuation, as the charcoal adsorbs the last 
traces of gases which cannot be removed by the vacuum pump. 
Activated charcoal is used also as a catalyst in certain chemical 
processes. 

During World War I (1914-18) activated charcoal was employed, 
on the suggestion of N. Zelinsky, to protect the respiratory organs 
from toxic gases. “Zelinsky'’s gas masks,” filled with activated char- 
coal, saved thousands of Russian soldiers from agonizing death 
during the First World War. Activated charcoal is still used in 
modern gas masks (Fig. 107). 

Nikolai Dmitriyevich Zelinsky Was born in 1861 in the town of Tiraspol . 
After graduating the Novorossiisky University (in Odessa) in 1884 he was in- 
vited to stay on at the University for research ‘work. In 1891 Zelinsky main- 
tained his Doctor's thesis on stereoisomerism. In 1893 he was ap ointed head of 
the chair of inorganic and analytical chemistry at the Moscow University where 
he continued to work to the end of his life. 

# Activated charcoal contains pores of two kinds: a) relatively large pores, 

diameters between 10-8 and 10-4cm. and 
b) ultrapores, invisible under the microscope, with diameters between 92x 
x10-7 and 2.8x 10-7 em. The latter are the most important in adsorption proc- 
esses. The total surface of such pores in one gram of activated charcoal may 
be as high as 1,000 sq. m. 


27° 


Nikolai Dmitriyevich Zelinsky 
(1861-1953) 


In 1929 Zelinsky was elected Member of the U.S.S.R. Academy of Sciences. 

‘The range of scientific interests of N. Zelinsky was very extensive, and his 
work very fruitful. The works of Zelinsky and his pupils in the field of organic 
catalysis occupy a prominent place in world science. Of very great interest, are 
N. Zelinsky’s Works on mineral oils and on the hydrolysis of proteins, in which 
he was the first to point out the cyclic structure of protein molecules. 


The adsorption of dissolved substances by charcoal was discovered 
in the latter part of the XVIII century by the Russian Academician 
T. Lovits, who used charcoal to purify ethyl alcohol. Since that time 
ethyl alcohol is freed from the impurities it contains (so-called fusel 
oils) at alcohol factories by filtration through charcoal. At sugar 
refineries sugar is purified from the substances which account for its 
yellow colour, in the same way. 

There are several other substances besides charcoal which possess 
a pronounced capacity for adsorption. The dyeing of fabrics, the 
tanning of leather and some other processes are based on the adsorp- 
tion of dissolved substances by vegetable and animal fibres. 

Various substances are adsorbed differently by the same adsorbent. 
On the basis of this phenomenon the Russian scientist and botanist 
M. Tsvet (1872-1919) developed the method of chromatographic 
(“colour”) analysis and used it successfully for resolving chlorophyll, 
the green pigment of plant leaves, into its two component parts, 
the structures of which are almost identical. 
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M. Tsvet extracted chlorophyll from the leaves with benzine and 
passed the solution through a glass column packed tightly with 
calcium carbonate. In passing through the column the benzine lost 
its colour, and the component pigments, adsorbed successively by 
the calcium carbonate, formed a series of coloured rings in the cy- 
lindrical column. Removing the calcium carbonate column from the 
glass cylinder, Tsvet separated the rings from one another and ex- 
tracted the adsorbed substance from each of them by means of a 
suitable solvent. In this way he obtained the chemically pure forms 
of chlorophyll. 

In founding the exceedingly accurate method of adsorption anal- 
ysis, Tsvet realized the chemists’ long-cherished dream of separating 
mixtures of related chemical compounds into their component parts 
without drastic chemical or physical treatment. The chromato- 
graphic method is now used extensively in all kinds of investigations. 
By its means purest preparations of various vitamins, hormones, 
penicillin and other substances are obtained in present-day industry. 

Academician P. Rehbinder established the influence of adsorption 
on the mechanical strength of various materials. He showed that 
when surface-active substances, i. e., substances capable of lowering 
the surface tension of liquids considerably, are adsorbed by solids, 
the adsorbed molecules “wedge apart” the minute cracks in the 
solids and thus lower their strength. This phenomenon is of great 
importance for rock drilling practice, in the mechanical treatment 
of alloys, etc. 

158. Chemical Properties of Carbon. Carbides. At ordinary temper- 
atures carbon is inert and reacts only with very active oxidants. 
When heated, the activity of carbon increases; it unites readily with 
oxygen and is a good reducing agent. The most important process 
in metallurgy, the smelting of metals from their ores, is carried out 
by reducing the oxides of metals with coal (or carbon monoxide). 

Carbon forms two principal oxides with oxygen, viz., carbon 
dioxide, or carbonic acid gas, COs, and carbon monoxide CO. Besides 
them oxides of the compositions C302 and C209 are known. 

At very high temperatures carbon combines with hydrogen, sul- 
phur, silicon, boron and many metals. 

The most reactive of the allotropic modifications of carbon is 
amorphous carbon. 

Compounds of carbon with metals and other elements, which are 
electrically positive with respect to carbon, are called carbides. They 
are obtained by heating either the metals or their oxides strongly 
with coal. 

Carbides are crystalline solids with very high melting points. Their 
composition is very diverse and frequently does not correspond at 
all to the valencies of the combining elements. Some carbides are 
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easily decomposed by water to form hydrocarbons; others are not 
attacked even by dilute acids. 

Of great practical importance is calcium carbide CaCs, obtained 
by calcining a mixture of coal and lime: 


CaO + 3C = Cac, + CO 


This reaction is usually accomplished in an electric furnace. 

Recently a new method of production of calcium carbide has been 
developed, which does not require the expenditure of comparatively 
expensive electric power. According to this method, the carbide is 
obtained in simple vertical furnaces of the same type as blast fur- 
naces, in which the high temperature needed for the formation of the 
carbide (up to 2,000°C and more) is attained by blowing air, en- 
riched with oxygen, through the furnace. 

The pure carbide is quite colourless, but the technical product 
consists of hard opaque lumps of a dark grey colour. Calcium carbide 
is used to prepare acetylene by the action of water (see § 170). Acety- 
lene is widely used in many industries; a considerable amount of 
calcium carbide is consumed by plants manufacturing calcium cya 
namide, a valuable fertilizer. 

Other practically important carbides are silicon and tungsten 
carbides (see §§ 180 and 245). 

159. Carbon Dioxide CO, and Carbonic Acid HsC03. Carbon 
dioxide or carbonic acid gas forms continuously in nature during all 
kinds of processes of oxidation of organic substances (decay of veget- 
able and animal remains, burning of fuel, respiration). Carbon 
dioxide escapes in large quantities from cracks in the earth’s crust 
in volcanic regions, and from the waters of many mineral Springs. 

Carbon dioxide is usually prepared in the laboratory by the action 
of hydrochloric acid on marble CaCOs: 


CaCO; 4+ 2HCl = CaCl, 4 H,0 4- CO, 


Large quantities of carbon dioxide are produced in industry as a 
by-product in the manufacture of lime by roasting limestone: 


CaCO, = CaO 4- CO, 


Under ordinary conditions carbon dioxide is a colourless gas about 
one and a half times as heavy as air, so that it can be poured like a 
liquid from one vessel into another. One litre of carbon dioxide at 
5S. T.P. weighs 1.98 gr. Water will dissolve a considerable quantity of 
carbonic acid gas. At 20°C one volume of water can dissolve 0.88 
volumes of CO and at 0°C—1.7 volumes. Carbon dioxide is used 
mainly for the production of soda by the Solvay process (p. 426), 
in the sugar-beet industry, and for gasifying soft and mineral drinks, 
Wines, beer and other beverages. 


159. Carbon Diozide and Carbonic Acid 423 


At a pressure of about 60 atm. carbon dioxide can be converted 
into a liquid at ordinary temperatures. Liquid carbon dioxide is 
stored in steel cylinders. If let out of the cylinder rapidly, so much 
heat is absorbed due to its evaporation that the carbon dioxide turns 
into TUE white snow-like mass which sublimates without melting 
at —18.5°C. 

Known as “dry ice,” solid carbon dioxide is used for cooling perish- 
ables, for the manufacture and storage of ice cream and in many other 
cases where low temperatures are required. 

A solution of carbon dioxide in water has a slightly sour taste 
and reacts slightly acid with litmus, this being due to the presence 
in the solution of small quantities of carbonic acid HCO a3, formed 
as a result of the following reversible reaction: 

CO, 4+-H,0 Z HCO, 

The equilibrium of this reaction is shifted greatly to the left, so 
that not more than 1 per cent of the COs dissolved is converted into 
carbonic acid. 

Carbonic acid HCO; can exist only in aqueous solution. TH the 
solution is heated the carbon dioxide escapes, the equilibrium shifts 
to the left and at length only pure water remains. 

The formula of carbonic acid has been established by analyzing 
its salts. 

Carbonic acid is a very weak acid. In solution it ionizes mainly 
into H° and HCO;, forming CO:-ion in very small quantities: 

HCO, 3+ H* + HCO; 2 28-+ C0, 


A dibasic acid, carbonic acid forms two series of salts, normal and 
acid; the normal salts are called carbonates and the acid, hydrocar- 
bonates, acid carbonates or bicarbonates. 

The salts of carbonic acid can be prepared either by the action of 
carbon dioxide on alkalis or by exchange reactions between the so- 
Juble salts of carbonic acid and the salts of other acids. For instance: 


NaOH + CO,=NaHCO; 
NaHCO, -+ NaOH = Na,CO:; + H,0 
Bal, + NaxCO,= | BaCO-+ 2NaCl 


With weak bases carbonic acid mostly gives only basic Salts, an 
example of which is basic copper carbonate Cus OH)2COs. A mine- 
ral of this composition occurs in nature and is known as malachite. 

Under the action of acids, even such weak ones as acetic acid, all 
the salts of carbonic acid decompose, liberating carbon dioxide. This 
reaction is very characteristic and is often employed as a test for 
carbonates, as the liberation of carbon dioxide can easily be detected 
by the hissing sound accompanying it or by means ofa burning splint. 
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When heated more or less strongly all the salts of carbonic acid 
except those of the alkali metals decompose, liberating carbon 
dioxide. The decomposition products are mostly the oxides of 
the corresponding metals. For instance: 

MgCO0,= MgO + CO, 
CaCO, = Ca0 + CO, 


The hydrocarbonates of the alkali metals are converted by heating 
into carbonates: 
2NaHCO,= Na,C0,-- CO, 4 H,0 


Potassium, sodium and ammonium carbonates and most hydro- 
carbonates are soluble in water, but the carbonates of the other metals 
are insoluble. 

Solutions of potassium and sodium carbonates react strongly al- 
kaline owing to hydrolysis: 

Na,CO0,+ HO Z NaHCO, + NaOH 
or 
CO; + H0 + HCO! +-OH’ 


This accounts, by the way, for their use in washing clothes (al- 
kalis help to remove grease from dirty clothes). The same effect is 
displayed by an infusion of ashes in water (called “lye”) due to the 
presence of potassium carbonate. 

One of the most abundant salts of carbonic acid in nature is cal- 
cium carbonate CaCO. It occurs as limestone, chalk and marble. 
all of which are modifications of calcium carbonate. This salt is 
contained also in almost all types of soil. 

Calcium carbonate is insoluble in water. That is why lime water 
becomes turbid if carbon dioxide is passed through it: 


Ca (OH), + CO, = } CaCO, - HO 


However, if carbon dioxide is passed through lime water for a long 
time, the liquid first becomes turbid, then gradually begins to clear, 
and finally becomes quite transparent. The precipitate dissolves 
owing to the formation of the acid salt, calcium hydrocarbonate: 


CaCO, + H,0 + CO,= Ca (HCO,), 


Calcium hydrocarbonate is unstable. If its solution is boiled or just 
left standing for a long time in the air the hydrocarbonate decom- 
poses, liberating carbon dioxide and forming the normal salt. 
The solubility of hydrocarbonates in water accounts for the con- 
stant migration of carbonates in nature. When rain water containing 
carbon dioxide absorbed from the air seeps through the soil, and 
especially through limestone strata, it dissolves calcium carbonate 
and carries it as the hydrocarbonate into streams, rivers and seas. 
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Here it is assimilated by the organisms of sea animals and goes to 
build up their skeletons, or, losing carbon dioxide, it changes back 
into calcium carbonate and is deposited in layers. 

Another carbonate occurring in nature in large quantities is magnes- 
ium carbonate MgCOs, the mineral being known as magnesite. Mag- 
nesium carbonate, like calcium carbonate, dissolves readily in water 
containing carbon dioxide, turning into the soluble acid salt. 

Some carbonates are valuable ores and are used for the extraction 
of metals (for instance, iron spar FeCOs, smithsonite ZnCOs, etc.). 

Sodium and potassium carbonates and hydrocarbonates are widely 
used in industry and in the home. 

Sodium carbonate NasCOs3, or soda, is one of the chief products of 
the basic chemical industry. Soda is used in immense quantities by 
the glass, soap, pulp and paper, textile, mineral oil and other in- 
dustries and serves also for the preparation of various sodium salts. 
The domestic uses of soda are well known to everybody. 

Up to the end of the XVIII century all the soda used in industry 
was obtained only from natural sources. Such were the natural 
deposits of sodium carbonate found in Egypt and several other places, 
the ashes of seaweeds and plants grown on saline soils, and soda 
lakes. In 1775, the deficiency of alkalis in France led the French 
Academy of Sciences to announce a prize for the best method of 
preparing soda from common salt. However, sixteen years passed 
before the French physician Nicolas Le Blanc developed an econ- 
omical method of obtaining soda, now known as the Le Blanc, or 
sulphate, process, and put it into practice on an industrial scale in 
1791. 

The sulphate, or Le Blanc, process consists essentially of the following reac- 
tions. First, common salt is converted into sodium sulphate by the action of 
sulphuric acid: 

2NaCl 4- H,S0,=2HCl4- Na,S0, 


The sodium sulphate is mixed with limestone and coal, and the mixture is 
heated to redness. The coal reduces the sulphate into sodium sulphide: 


NaS0, + 2C= NaS 4-200, 


The sodium sulphide reacts with the limestone to form calcium sulphide and 


soda: 
NaS + CaCO,= NaCO, + CaS 


The fusion, consisting of soda, calcium sulphide and the excess coal and lime, 
is treated with water to dissolve the sodium carbonate. The presence of an excess 
of lime, due to the decomposition of CaCO, prevents hydrolysis of the calcium 
sulphide and its conversion into the soluble acid salt Ca(HS),, permitting the 
sodium carbonate to be extracted completely from the fusion. The carbonate 
solution is condensed by evaporation until EEE sets in. At a low tem-" 
perature the highly AUER crystals of the decahydrate NasCOs. 10H,0 
are formed; at a higher temperature the monohydrate NasCO;- H,0 crystallizes 


out. 
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The by-products of the sulphate process for the manufacture of soda are: 
hydrogen chloride, which previously used to be discharged into the air, but is 
now used to make hydrochloric acid, and calcium sulphide, which is of no com- 
mercial importance. 


In the 1860's a Belgian chemist Solvay suggested a new method 
of preparing soda from common salt, known as the Solvay or anmonia 
process. 

‘This process is based on the formation of sodium hydrocarbonate 
by the reaction between common salt and ammonium hydrocarbonate 
in aqueous solution. 

In industry this reaction is accomplished as follows. A concen- 
trated solution of common salt is cooled and saturated with ammonia; 
then carbon dioxide, obtained by roasting limestone, is passed 
through under pressure. The interaction between the ammonia, car- 
bon dioxide and water leads to the formation of ammonium hydro- 
carbonate: 

NH, 4+- CO, + H.0=NH,HCO, 


which enters into an exchange reaction with the salt to form am- 
monium chloride and sodium hydrocarbonate: 


NH,HCO, + NaCl =} NaHCO; 4- NHC 


‘This reaction takes place due to sodium hydrocarbonate being but 
sparingly soluble in cold water and falling out as a precipitate, which 
can be separated by filtration. 

When heated strongly, sodium hydrocarbonate decomposes into the 
carbonate, water and carbon dioxide, the latter being re-used: 


2NaHCO, = Na,CO, + CO, + HO 


‘The solution containing ammonium chloride is heated with lime 
to recover the ammonia: 


2NH,Cl + Ca (OH), =2NH, 4 CaCl, + 2H,0 


Thus, in the ammonia process for the production of soda the only 
industrial waste is the calcium chloride which remains in solution 
after the ammonia is driven off; calcium chloride is a product of but 
limited importance. 

Soda prepared by the ammonia method contains no crystalliza- 
tion water and is called soda ash. 

Part of the sodium hydrocarbonate is marketed, being employed 
rs and as a substitute of yeast (under the name of “baking 
soda”). 

At present the ammonia process has forced the Le Blanc sulphate 
process almost completely out of use. The chief advantage of the for- 
mer over the latter is its low fuel consumption. 
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The output of soda ash in the U.S.S.R. was 1,437 thousand tons 
in 1955. In the course of the Sixth Five-Year Plan it is to be increased 
by 68 per cent and reached 2,420 thousand tons in 1960. 

Potassium carbonate K2C0 3, or potash. Formerly potash was ob- 
tained only from plant‘ashes by leaching them with water and evaporat- 
ing the resulting solution. Nowadays potash is prepared chiefly by 
the action of carbon dioxide on a solution of caustic potash formed by 
electrolysis of a potassium chloride solution 


KOH 4+ C0,=KHCO, 
KHCO,+ KOH = K,C0,-- H.0 


Potash is a white powder-like substance, deliquescent in humid air 
and very soluble in water. It is used in soap manufacturing, in the 
production of refractory glass, in photography, etc. 

160. Carbon Monoxide CO. Carbon monoxide is a colourless poi- 
sonous gas which liquefies only at —192°C and solidifies at —207°C. 
Carbon monoxide is very Slightly soluble in water and does not react 
with it chemically. 

Carbon monoxide forms whenever coal or carboniferous compounds 
are burnt with an insufficient supply of oxygen at high temperatures 
(at low temperatures the result is always carbon dioxide). Carbon 
monoxide forms also when carbon dioxide comes into contact with 
red-hot coal: 


C0,+ 0 z 2C0— 38.3 Cal. 


This reaction is reversible and proceeds from left to right with the 
absorption of heat. As long as the temperature is not over 400 or 
450°C, the equilibrium of the reaction is practically shifted completely 
to the left, but if the temperature is raised still higher it begins to 
shift to the right and by 800°C the degree of conversion of COs into 
CO reaches about 90 per cent. Thus, by passing carbon dioxide 
through a layer of red-hot coal, the COs can be converted almost 
entirely into carbon monoxide. 

Pure carbon monoxide is usually prepared in the laboratory by 
adding formic acid HCOOH in small portions to hot sulphuric acid. 
The latter abstracts the elements of water from formic acid, liberat- 
ing carbon monoxide: 


HCOOH =CO + H,0 


This reaction shows that carbon monoxide may be regarded as the 
anhydride of formic acid. Although formic acid cannot be obtained 
directly from carbon monoxide and water, its salts can be formed by 
the reaction between alkalis and carbon monoxide at 150-200° C: 


NaOH + CO = NCOONa 
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Carbon monoxide burns in air with a bluish flame, turning into 
carbon dioxide: 


2C04-0;= 200, 4-136 Cal. 


As a large amount of heat is liberated during this reaction, carbon 
monoxide is widely used in mixture with other ZaASeS as a gaseous 
fuel. In particular, coke-oven gas contains about 4 per cent carbon 
monoxide. 

In the sunlight or in the presence of activated charcoal (as a cata- 
lyst), carbon monoxide unites directly with chlorine forming an ex- 
ceedingly poisonous gas known as phosgene: 


C0 + Cl,= COC, 


Phosgene is used in various organic syntheses. 

At high temperatures carbon monoxide is an active reducing agent 
and plays an important part in metallurgy in the reduction of metals 
from their oxides. 

Carbon monozide is very poisonous and is especially dangerous 
because it has no odour; for this reason carbon monoxide poisoning 
may occur quite unnoticed. Carbon monoxide Poisoning occurs 
frequently due to furnace dampers being closed too early, when there 
are still red-hot coals left in the furnace; this may lead to the forma- 
lion of carbon monoxide, which then penetrates into the heated 
premises. 

The poisonous action of carbon monoxide, known as coal gas or 
charcoal fume Poisoning, is due to the fact that CO combines readily 
with haemoglobin of the red blood corpuscles, rendering them in- 
capable of carrying oxygen from the lungs to the tissues. If fresh air 
is inhaled this compound is gradually decomposed, and the hacmo- 
globin recovers its ability to absorb Oxygen. 

161. Compounds of Carbon with Sulphur and Nitrogen. Of the com- 
pounds of carbon with sulphur and nitrogen the most important, 
practically, are: carbon disulphide CS; and hydrocyanic acid HCN. 

Carbon disulphide CS is prepared by passing sulphur vapours 
through red-hot coal. It is a colourless volatile liquid with a high 
index of refraction, boiling at 46°C and Possessing an ethereal odour 
in the pure form. After Standing for some time carbon disulphide 
turns yellow and acquires a disgusting odour. 
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Hydrocyanic Acid HCN. At the temperature of an electric arc car- 
bon will unite directly with nitrogen to form a colourless poisonous 
£as, cyanogen, the molecular weight of which corresponds to the 
formula CN». In chemical properties cyanogen resembles the halo- 
gens. Like them, it forms a hydrogen compound HCN with acid 
properties, called hydrocyanic acid. 

Hydrocyanic acid is a colourless, very volatile liquid, boiling at 
26.5-C and possessing a characteristic odour of bitter almond. It is 
usually prepared by the action of sulphuric acid on its salts, for 
instance on KCN: 


2KCN + H,S0,= K,S0, + 2HCN 


In aqueous solution hydrocyanic acid ionizes insignificantly 
(K=4.7X 10510)] 

Hydrocyanic acid is one of the most powerful poisons and is mortal 
even in very small doses (under 0.05 gr.). 

Free hydrocyanic acid is one of the best means of fighting parasitic 
insects, rodents and orchard pests. It is used also in industry for 
ourganic syntheses. Hydrocyanic acid should be handled very care- 
fully due to its high toxicity. 

Hydrocyanic acid salts are called cyanides. The most important 
cyanides in practice are those of the alkali metals, potassium and so- 
dium, obtained by various methods, for instance, by heating a mix- 
ture of coke and potash or soda in an atmosphere of nitrogen. The 
most widely used is potassium cyanide. 

Potassium cyanide KCN is a colourless crystalline substance, read- 
ily soluble in water. Potassium cyanide is just as poisonous as hyd- 
rocyanic acid. It decomposes quite rapidly in the air under the ac- 
tion of carbon dioxide, liberating hydrocyanic acid and turning into 
potash: 

2KCN + H,0 + CO= K,C0; + 2HCN 


A salt of a very weak acid, potassium cyanide is greatly hydrolyzed 
in water: 
CN’ + H,0 = HCN + OH’ 


Therefore its solution reacts alkaline and smells strongly of hydro- 
cyanic acid. Sodium cyanide possesses similar properties. 
Potassium and sodium cyanides are capable of dissolving gold 
and silver in the presence of atmospheric oxygen. This is the basis 
of their use for the extraction of these metals from their ores. Besides 
they. are used for the preparation of hydrocyanic acid, in organic 
syntheses, in galvanic gold and silver plating, in photography, etc. 
162. Thermochemistry. As we know, during chemical changes ener- 
gy may be evolved or absorbed in various forms: as heat, light, 
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electricity, etc. Quantitative investigation of the thermal changes 
accompanying chemical reactions makes the subject of a special 
branch of chemistry known as thermochemistry. 

The thermal effects of chemical reactions are measured by means of 
special apparatuses called calorimeters. The simplest type of calori- 
meter is a vessel with good thermal insulation containing an accu- 
rately weighed quantity of water. The reaction is carried out ina 
reaction chamber placed inside the calorimeter. 
The heat evolved during the reaction is trans- 
ferred to the water, the temperature of which is 
measured before and after the reaction by means of a 
delicate thermometer. The product of the tempera- 
ture increase by the specific heat of the water and 
the calorimeter is a measure of the heat liberated 
during the reaction. 


SSS 


Especially important in practice is the determination of 
the amount of heat evolved during the combustion of various 
substances. These determinations are carried out with the 
aid of a calorimetric bomb (Fig. 108), which is a closed vessel 
made of strong steel and capable of withstanding a pres- 
Fig. 108. Calo- Sure of several score atmospheres. 

TiPLATELB ob The bomb is placed in a calorimeter. The substance to 

+ be burnt is put into the bomb, which is filled with oxygen 

under pressure, and the reaction is brought about by means 

Of an electric ignition" device. The amount of heat evolved is determined by 
the rise in temperature of the water in the calorimeter. 


The main principle. underlying all thermochemical calculations 


was established by the Russian Academician G. Hess in 1840. This 
principle, known as Hess's Law, may be formulated as follows: 


The thermal effect of a reaction depends only on the initial and 
final conditions of the reacting substances, but not on the inter- 
mediate stages of the process. 


This can be explained by an example. A dilute solution of sodium 
sulphate NasSO, can be prepared from sulphuric acid, sodium hy- 
droxide and water in various ways, for instance: 1) by mixing a 
dilute solution containing two gram-molecules of NaOH with a 
solution containing one gram-molecule of H2S0;,; 2) by adding a 
Solution containing one gram-molecule of NaOH to a solution 
containing one gram-molecule of HS0;,, thus forming first a solution 
of the acid salt NaHSO,;,, and then adding one more gram-molecule 
of NaOH to the acid salt solution. 

The thermal effect for these two cases will be *: 

First way: 
2NaOH (ag.) + H.SO, (aq.) = Na,S0, (aq.) 4-2H,0 (liq.) 31.4 Cal. 


* The symbol (aq.) indicates that the substance is in aqueous solution. 
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NaOH (aq.) 4 H,S0, (aq.)= NaHS0, (aq.) + HO (liq.) 4-14.75 Cal. 
NaHS0, (ag.) + NaOH (ag.)= Na,S0, (ag.)-- H,0 (lig.) 4-16.65 Cal. 


Total 31.4 Cal. 


Thus, the total amount of heat evolved during the formation of 
one gram-molecule of sodium sulphate is the same in both cases, 
although the reaction took place in two stages in the second case. 

Hess's Law makes it possible to calculate the thermal effect of 

reactions in cases when they cannot be measured directly for some 
reason or other. The usual method used in such calculations is to 
break up the complex reaction into separate stages. Calculation 
of the thermal effect sought is based on the fact that the total amount 
of heat evolved (or absorbed) during the reaction in question equals 
the algebraic sum of the heat evolved (or absorbed) during the 
successive stages of the reaction. When carrying out such calculations 
it should be kept in mind that the heat of formation of a complex 
substance from simple substances equals its heat of decomposition 
with the opposite sign. 
A good example of the use of Hess's Law is calculation of the heat 
of formation of carbon monoxide from the simple substances—coal 
and oxygen. The thermal effect of this reaction cannot be determined 
directly by experiment, as coal, when burnt, forms carbon dioxide 
and not carbon monoxide. But knowing the heat of formation of 
carbon dioxide from carbon and oxygen (97.7 Cal.) and the heat of 
combustion of carbon monoxide (68 Cal.), the heat of formation of 
carbon monoxide can be calculated. 

The combustion of carbon can be represented by the following 
thermochemical equation: 


C (s.) + 0: (g.)= CO; (g.) + 97.7 Cal. 


We break this reaction up into stages, assuming that the carbon 
burns to form carbon monoxide, which then burns in its turn, form- 
ing carbon dioxide. Denoting the heat of formation of carbon monox- 
ide by », we write the equations for the individual stages of the 


reaction and add them up: 
Cc + 0,= C0 +z Cal. 
(00) 0,= C0; +68 Cal. 


pitas fall Da ui slog 
CF 0,=C0,4+ 2 Cal. 4-68 Cal. 
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Comparing the resulting equation with that written above we find: 
+68 Cal. ==97.7 Cal. 


hence 
2==29.7 Cal. 


Therefore, the heat of formation of carbon monoxide from carbon 
and oxygen equals 29.7 Cal. 

The result obtained is very interesting. It shows that the addition 
of the second oxygen atom to the carbon atom is accompanied by the 
evolution of a much larger quantity of heat than the addition of the 
first atom. This is due probably to the fact that the first bond that has 
to be ruptured during the oxidation of carbon is that between the 
carbon atoms. This work consumes the greater part of the energy 
liberated during the union of the carbon atom with the first oxygen 
atom, so that only the energy left after this is liberated as heat. 

When coal burns to form carbon monoxide it evolves only a little 
over a quarter of the amount of heat produced by its complete com- 
bustion. Hence the economic importance of complete combustion of 
fuel. The presence of a large amount of carbon monoxide in the flue 
gases discharged into the air shows that a considerable part of the 
energy, contained in the coal burnt, was lost. 

To help the student to master thermochemical calculations, we 
shall calculate the thermal effect of the reaction of combustion of 
methane CH;,, proceeding from the following data: the heat of for- 
mation of methane is 21.7 Cal., of water 68.4 Cal., and of carbon 
dioxide 97.7 Cal. 

Denoting the thermal effect sought by «x, we write down the 
reaction of combustion of methane: 


CH, (g.) 420, (g.) = CO; (g.) + 2H0 (liq.) 4 Cal. 


We break the reaction up into stages. Suppose the methane decom- 
poses first into hydrogen and carbon, and then the carbon and hydro- 
gen unite with oxygen to form water and carbon dioxide respec- 
tively. Considering that the heat of formation of methane equals 
22.7 Cal. and therefore the same amount of heat must be absorbed 
during its decomposition, we write ‘out the equations for the individ- 
ual stages of the reaction and add them up: 


CH,= C+ 2H,— 22.7 Cal. 
C+ 0,=C0,-+97.7 Cal. 
2H, + 0,= 2H,,0 2.68.4 Cal. 


CH, + 20,= CO, + 2H,0 + 211.8 Cal. 


The above example is an illustration of the following general 
corollary derived from Hess’s Law: 
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The thermal effect of a chemical reaction equals the sum of the for- 
mation heats of the resulting substances minus the sum of the formation 
heats of the reactants. 

This corollary simplifies many thermochemical calculations. For 
instance, the above problem can be solved in the following way. 
Writing out the equation of the combustion of methane and denoting 
the thermal effect sought by zx, we write the respective heat of for- 
mation under the formula of each substance: 


CH, (g) +20; (g) = CO, (g) + 2H,0 (liq.) 4-2 Cal. 
22.7 Cal. 97.7 Cal. 2.68.4 Cal. 
hence 


2= 971.7 + 2.68.4— 22.7 =211.8 Cal. 


163. Fuel and Types of Fuel. Amorphous carbon, as charcoal and 
coke, mineral coal, and many carbon compounds, play a very impor- 
tant part in modern life as sources of various kinds of energy. When 
coal and carboniferous compounds are burnt, heat is evolved which 
can be employed for heating, preparing food and for many industrial 
processes. Most of the heat obtained, however, is converted into 
other kinds of energy and is used to do mechanical work. 

True, to put various machines into motion we use, besides thermal 
power, the power of falling water (“white coal”) and wind power; 
there have also been attempts to make direct use of solar energy; 
however, these are all as yet but a small fraction of the power ob- 
tained by burning fuel. 

The chief types of fuel are: mineral coal, peat, wood, mineral oil 
and natural gas. 

Mineral coal is the most widely used type of fuel. It is used both 
directly for burning and for the production of more valuable types 
of fuel, namely, coke, liquid fuel, gaseous fuel. 

The world’s resources of mineral coal are estimated at 7,900,000 
million tons. The coal resources of the U.S.S.R. are the second largest 
in the world. 

The coal mined in tsarist Russia could not cover the requirements 
of even the underdeveloped industry of that time, and mineral 
coal was imported additionally from abroad. The only source of coal 
in the whole country at that time was the Donets Basin. Russia 
occupied the sixth place in world coal mining. 

After the October Revolution great changes took place in the coal 
industry. During the pre-war five-year plan periods new coal basins 
were put into operation in Central Asia, in the Caucasus, in Eastern 
Siberia. Coal mining was started in a number of other districts as 
well. The output of coal in 1959 amounted to 506.5 million tons. By 
1965 it will be 600 to 612 million tons per year. But the share of coal 
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in this country’s fuel production will gradually decrease, as the out- 
put of oil and natural gas makes headway. 

Mineral coal is the remains of the vegetable kingdom which ex- 
isted on our planet in the long past periods of its life. The older the 
coal, the more carbon it contains. 

Three main types of mineral coal are distinguished: 

1. Anthracite, the oldest of mineral coals. It has a high density and 
bright lustre, contains an average of 95 per cent carbon and gives a 
large amount of heat when burnt. The resources of anthracite in the 
U.S.S.R. constitute about 5.5 per cent of its total coal resources. 

2. Bituminous coal is a compact black substance containing be- 
tween 75 and 90 per cent carbon. It is the most widely used of all 
mineral coals. 

3. Brown coal or lignite contains 65 to 70 per cent carbon. Is brown 
in colour. The youngest of all mineral coals, it often bears traces of 
the structure of the wood from which it originated. Brown coal is 
very hygroscopic, has a high ash content (from 7 to 38 per cent), 
and for that reason is used only as local fuel. 


Recently larger and larger quantities of brown coal have been employed as 
a raw material for the production of valuable types of liquid fuel, gasoline and 
kerosene. For this purpose the powdered coal is hydrogenated, i. e., heated under 
high pressure with hydrogen in the presence of catalysts. Under the action of 
hydrogen the very complex organic molecules split apart and form simpler 
molecules of saturated hydrocarbons (see § 169). The proluais resulting from the 
hydrogenation of coal are again split and converted into gasoline and kerosene. 


Of great importance in many districts of the U.S.S.R. is the use of 
peat. 

Peat is a product of the first stage of formation of mineral coals. It 
forms in immense quantities at the bottoms of marshes from the dead 
parts of marsh lichens. In explored peat resources the U.S.S.R. is the 
richest country in the world. The carbon content of peat does not 
exceed 65 per cent. Its chief disadvantage as a fuel is its high ash 
content. Peat is burnt as a local fuel at a number of large power 
Stations. 

Dry distillation of peat results in Peat coke, which contains very 
little sulphur, making it suitable for smelting high quality iron. 
Besides, upon dry distillation peat yields a number of valuable chem- 
ical products. 

Wood occupies a secondary place in the total fuel balance. 

In recent years the use of wood as fuel in industry has been contin- 
uously decreasing, as timber can be utilized to greater advantage for 
other purposes. 

Mineral oil has been used widely as fuel ever since the end of the 
XIX century when the internal-combustion engine was invented. 
This engine burns oil and makes it Possible to utilize a much greater 
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part of heat evolved during the combustion of the fuel than the steam 
engine. Oil products, gasoline and kerosene, are used as fuel for trac- 
tors, automobiles, aeroplanes, etc. The great importance of internal- 
combustion engines in modern life makes oil, and especially its prod- 
ucts, a fuel of prime importance. The explored oil resources of the 
Soviet Union are the largest in the world. 

The Russian oil industry began to develop extensively under 
Soviet power. By 1940 the production of oil had increased 3.4 times 
compared to 1913. In 1959 the oil output of the Soviet Union was 
129.5 million tons, while by 1965 it is to reach 230 to 240 million 
tons per year. 

Oil is not only a convenient and highly calorific fuel, but also a 
most important raw material for the production of a wide range of 
chemical products. Of great importance as a raw material for the 
chemical industry are also casing head and refinery gases. 

Natural gas, consisting of methane and other saturated hydrocar- 
bons, is a very cheap and convenient fuel. The importance of natural 
£48 is evident from the fact that in the course of 12 years (1940-52) 
its extraction in the capitalist countries increased threefold and 
reached 259,000 million cubic metres, whilst the coal output of these 
countries hardly increased at all during the same period. 

Natural gases began to be utilized in our country practically only 
after the war. In 1947 the Saratov-Moscow gas line, 843 kilometres 
long, was completed, and this increased the supply of gaseous fuel to 
the capital by about five times. In 1948 the Dashava-Kiev gas line 
was put into operation, bringing gas to the Ukrainian capital from 
Dashava, a very rich source of natural gas in the Carpathian 
foothills. মি 

During recent years a great number of new gas mains have been 
built in the Soviet Union. The largest is the Stavropol-Moscow gas 
main. Huge deposits of natural gas have been discovered in the 
Ukraine, the Krasnodar Territory, Middle Asia and a number of 
districts of Siberia. 

The gas industry is one of the most rapidly developing branches 
of the country’s heavy industry. In 1955, 10,400 million cubic metres 
of gas were produced by coal and slate processing, while in 1959 this 
figure had risen to 37,200 million cubic metres. In 1965 the total gas 
output is to reach 150,000 million cubic metres. 

Natural gas is an exceedingly valuable and economical raw mate- 
rial for the organic synthesis industry and for the manufacture of 
many synthetic products. A number of new chemical plants now in 
construction are to be based on natural gas; besides, several operat- 
ing chemical enterprises are being switched to this raw material, 

Equal quantities of fuel give different quantities of heat when 
burnt. Therefore, to evaluate the quality of a fuel, its heat value is 


28* 


436 Chapter XVII: The Carbon Group 


determined, this being the maximum amount of heat evolved upon 
complete combustion of one kilogram of the fuel. ' 
The various types of fuel consist mainly of the three elements: 
carbon, hydrogen and oxygen. It may be considered that the higher 
the carbon and hydrogen content in the fuel, the greater its heat value. 
The average composition of the organic mass of various kinds of 
fuel and their heat values are given in Table 25. 


Table 25 
Elemental Composition and Heat Values of Various Kinds of Fuel 


Content, per cent 
Fuel f ডা Heat value 

Carbon |Hydrogen CATES YE CLINE: 
Wood, air-dry ecw eet 50 6 44 4,500 
Peat, air-dry eae 59 6 35 5,400 
Brown: coal «lee eit 69 5.5 25.5 6,700 
Bituminous coal 82 4.3 43:7 8,400 
Anthracite eae suisse 95 22 2.8 8,100 
Charen stress sles 100 — — 8,080 
Mineral oil) 21d aaleae 85.5 14.2 0.3 10,500 


164. Gaseous Fuel. Of essential importance for many industries is 
not only the heat value of a fuel, but also the highest temperature 
that can be obtained with the fuel, if burnt rationally. This tempera- 
ture is called the pyrometric burning effect and, besides the calorific 
power of the fuel, it depends to a considerable extent on the physical 
state of the latter. 

Experience shows that for complete combustion of a solid fuel, 
approximately one and a half times the amount of air needed theo- 
retically must be introduced into the furnace where it is being burnt. 
This excess air absorbs part of the heat evolved and greatly lowers 
the pyrometric burning effect. 

A higher pyrometric effect is obtained when a liquid fuel, such as 
crude oil, is burnt. The oil is introduced into the stoker by means otf 
special atomizers, called burners, which mix it thoroughly with air, 
s0 that it does not require such an excess of the latter as solid fuel. 
\ But only gaseous fuel can be mixed perfectly with air and therefore 
it burns up completely with almost the theoretical quantity of air 
and gives the highest pyrometric effect. 

Another important advantage of gaseous fuel is the possibility of 
utilizing the heat of the combustion products formed for pre-heating 
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the fuel and the air mixed with it, thus increasing the temperature 
developed during combustion still more. 

The heat of the hot combustion products is utilized in regenerative 
furnaces, a diagram of which is shown in Fig. 109. The furnace con- 
sists of four regenerative chambers filled with refractory bricks laid 
in squares. Air is introduced into regenerator IV through. pipe ye 
and the fuel gas into regenerator III through pipes 2 and 8. The 


১ 
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Fig. 109. Diagram of regenerative Fig. 110. Diagram of producer 
furnace: 


1,2, 3 and 4—piping; 5 and 6—valves 


gases mix under the roof of the furnace and burn. The combustion 
products pass through regenerators I and II, transferring their heat 
to the bricks in these chambers. The cooled gases are discharged 
through pipe 4 into the chimney stack. If valves 5 and 6 are turned 
into the position indicated by dotted lines on the diagram, the 
direction of the gases changes: now the air and the fuel gas pass 
into regenerators I and II, where they are preheated, while the 
combustion products are discharged through regenerators III and JV. 

In regenerative furnaces the temperature may rise as high as 
1,800°C. In such furnaces not only iron and steel, but even platinum, 
can be melted. 

Of course, part of the fuel must be expended on converting the 
solid fuel into gaseous. Calculations show that about one-third of 
the total heat that the fuel can yield is lost in this way. However, 
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this loss is made up for by the high temperature developed in burn- 
ing the resulting gases, especially if it is taken into account that 
they can be produced from such materials as peat, slack coal, etc., 
which will not give high temperatures if burned in ordinary furnaces. 

The most important types of gaseous fuel are: natural gas (see 
§ 163), producer gas, water gas and coal or coke-oven gas. 

Producer gas is obtained by blowing air through a layer of red-hot 
coal. This process is carried out in tall cylindrical furnaces, called 
producers (Fig. 110). The fuel, say coal, is dumped into the producer 
at the top, while air is forced in at the bottom. As the coal burns, 
carbon dioxide forms in the lower part of the producer and upon 
rising is reduced by the hot coal to carbon monoxide; the latter is 
discharged {from the furnace together with the nitrogen of the air, 
which had not taken part in the reaction, through an opening in the 
side wall of the producer. A mixture of these two gases, centaining 
theoretically two volumes of nitrogen per volume of carbon monoxide 
(or more precisely 34.7 per cent CO and 65.3 per cent N,) is known 
as producer gas. Producer gas usually contains a little carbon 
dioxide (2.5 to 5 per cent). 

‘The reactions taking place in the producer may be expressed by 
the following equations: 


C4 0,= CO, + 97.7 Cal. 
CO0,+ C= 2C0— 38.3 Cal. 


More heat is liberated during the first of these reactions than is 
absorbed during the second, so that in the long run some excess 
heat is obtained, which keeps the coal in the producer hot. 

Water gas is made by passing steam through a layer of red-hot 
coal in a producer: 

C4-H,0=CO 4 H,—28.4 Cal. 


As can be seen from the equation, water gas consists of equal 
volumes of carbon monoxide and hydrogen. As both component parts 
are combustible, water gas gives a higher temperature, when burnt, 
than producer gas. 

As the formation of water gas is accompanied by absorption of 
heat, the passing of steam through the coal in the producer soon 
makes it cold. Therefore the production of water gas is usually 
alternated with the production of producer gas, making it possible 
to keep the coal at red heat. 

Water gas is used not only as a gaseous fuel but also as a raw 
material for the preparation of hydrogen for the synthesis of ammonia 
(see p. 200). 

A gas close in composition to water gas can be obtained by passing 
a mixture of steam and oxygen through the producer. f 
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Coke-Oven or coal gas is the gas obtained by heating bituminous 
coal to a high temperature out of contact with air. Large quantities 
of this gas are used pure or mixed with natural gas in industry, in 
laboratories and for domestic purposes. 

Coal gas is a mixture of various combustible gases. Its composition 
depends on the raw materials, but on the average it may be expressed 
by the following figures: 


Hydrogen’. i daa ee eee ee 55 Pp. c. 
Mothane “2 Ae Peds Ere EA 30 p. ¢. 
Carbon monoxide . eee 4p. c. 
Other hydrocarbons eee 3p.c. 
Incombustible impurities (CO, Ns, 0:) 8p.c. 


When using coal gas or its mixtures with natural gas for domestic 
purposes, it should be handled with care, as it contains a considerable 
percentage of carbon monoxide. Special precautions should be taken 
to prevent leakage. When the gas is not burning, the gas cocks should 
always be turned off. 

Underground Gasification of Coal. Coal can be converted into 
gaseous fuel by gasification right in the seams in which it occurs 
(under the earth). 

The possibility of underground gasification of coal in Russia was 
first suggested by D. Mendeleyey in 1888 after a trip to the Donets 
Basin, where he made a thorough study of the state of the coal in- 
dustry. 

In an article entitled “The Future Might Lying on the Banks of 
the Donets,” published in the journal Severny Vestnik, Mendeleyev 
wrote: “...There will probably even come a time when coal will 
no longer be extracted from the earth but will be converted right 
there, in the earth, into combustible gases which will be sent over 
long distances through pipes.” 

Tater Mendeleyev repeatedly returned to the idea of underground 
gasification of coal. In particular, with respect to the underground 
fires of coal seams occurring at that time in the Urals, he wrote: 
“As to these coal seam fires, it seems to me that they could be 
utilized by getting them under control and directing them to make 
the coal burn like in a producer, i.e., with a limited supply of air. 
Then carbon monoxide should form and producer gas would be pro- 
duced in the seams.” 

For a number of years Mendeleyev persistently put forth his ideas 
of underground gasification, deeply convinced of the possibility of 
their realization. But all Mendeleyev’s appeals to coal manufacturers 
to experiment with underground coal gasification were in vain. His 
suggestions were considered too fantastic and unreal at that time. 
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The English chemist Ramsay worked on the problem of under- 
ground gasification of coal between 1910 and 1915. 

However, only in the U.S.5.R. has D. Mendeleyev’s idea begun to 
be realized. Numerous experiments carried out in the Donets and 
Moscow coal basins have shown the technical possibility of solving 
this problem. 

165. Carbon Cycle in Nature. When various types of fuel are burnt 
and, in general, during the combustion of organic substances, as well 
as the decay of animal and plant remains, all the carbon contained in 
them passes finally into carbon dioxide, a substance incapable of 
further combustion and devoid of the energy contained in the organic 
substances. If, despite combustion, organic substances, animals and 
plants still exist in nature, there obviously must somewhere be a 
process opposite to combustion, during which the carbon dioxide 
forms organic substances again. This process, as is known, takes 
place in plants, in their leaves, in those green corpuscles which account 
for the green colour of the leaves and are called chlorophyll 
granules. 

Plants abstract carbon dioxide from the air, evolving an equal 
Volume of oxygen back into the atmosphere. In the presence of chlo- 
rophyll carbon dioxide reacts with water, turning into more complex 
carbonaceous compounds, such as carbohydrates. Schematically the 
formation of carbohydrates may be represented by the equation 


6C0, + 6H,0 = C,H,,0, 4-60, 
Elucose 

At the same time, starch and the various other substances contained 
in plants are formed. These substances serve as food for animals and 
the chief source of the energy consumed by human beings. 

Thus, carbon goes through a definite cycle in nature: carbon diox- 
ide is withdrawn from the atmosphere by plants and converted into 
organic matter; combustion or decay of this matter, as well as the 
respiration of people and animals lead again to the formation of 
carbon dioxide which is discharged into the atmosphere, whence it 
‘is again withdrawn by plants, etc. 

However, the transformation of carbon dioxide and water into 
organic compounds can take place only if energy is absorbed from the 
Surroundings. This energy is supplied by the sun. Solar rays, falling 
On the green plants, are absorbed in cells of the latter by the chloro- 
Phyll granules and give rise to the changes mentioned above. Since 
this process takes place under the influence of light it is called photo- 
synthesis. 

Science is indebted to the Russian scientist K. Timiryazev for the 
explanation of the formation of Organic substances in plants, on which 
the existence of the entire organic world depends. Timiryazev devo- 
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Kliment  Arkadyevich 
Timiryazev 
(1843-1920) 


ted his whole life to the solution of the problem of the air nutrition 
of plants. 

Prior to Timiryazev’s studies the green colouring of plants was not 
thought to have any special significance. As a result of prolonged and 
painstaking work Timiryazev first proved that the entire process of 
plant nutrition is closely connected precisely with the green colour- 
ing of the chlorophyll granules. Studying the influence of various 
spectral rays on the decomposition of carbon dioxide by plants, 
Timiryazev established that this process takes place the most inten- 
sively under the action of red rays, i.e., the rays which are completely 
absorbed by the green chlorophyll and possess the greatest amount 
of energy. On the other hand, carbon dioxide hardly decomposes at 
all under the rays which are not absorbed by chlorophyll. 

Timiryazev’s exceedingly refined and delicate experiments left 
no doubt of the fact that the assimilation of carbon dioxide by 
plants is due to their absorbing ‘solar energy, which is thereupon 
transformed into the chemical energy of the organic substances 
formed. Thus, all the energy we consume, whether in using organic 
substances as food, or in burning them as fuel, comes, in the long 
run, from the sun. 

Having ascertained the fundamentals of the process of plant 
nutrition by air, having established the part played by chlorophyll 
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in this process, Timiryazev proved that the Law of Conservation of 
Energy is applicable also to phenomena of live nature. This positively 
refuted the reactionary idealistic theory of “vital force” (see § 166) 
which blocked the way to a profound investigation of processes 
taking place in live organisms. 


ORGANIC COMPOUNDS 


166. General Features of Organic Compounds. The compounds of 
carbon (with the exception of a few of the most simple of them) 
have long been classed as organic compounds, as they occur in nature 
almost exclusively in the organisms of animals and plants, being an 
indispensable and the chief constituent part of these organisms. In 
contradistinction to organic compounds, such substances as sand, 
clay, various minerals, water, carbon dioxide and others occurring 
in “inanimate nature” are called inorganic or mineral compounds. 

The classification of substances into organic and inorganic was due 
to the fact that for a long time it was considered impossible in prin- 
ciple to obtain organic substances by synthesis from simple substances. 
The formation of organic substances was attributed to the influ- 
ence of a special “vital force,” active only in live organisms and not 
taking any part in the formation of inorganic compounds. The ad- 
herents of this theory were called vitalists (from the Latin vis vita- 
lis—vital force). The vitalists attempted to find in the phenomena of 
animate nature proof of the existence of certain mysterious forces in 
the world, which cannot be accounted for or studied, and are not 
governed by ordinary physico-chemical laws. The vitalists were 
headed by one of the most authoritative chemists of the first half 
of the XIX century, the Swedish scientist Berzelius. 

Vitalism received its first blow when in 1828 the German chemist 
Woéhler obtained urea in the laboratory from ammonium cyanate 
NH,CNO, which, in its turn, could be synthesized from simple sub- 
stances. One of the products of the vital activity of animals, urea, 
was undoubtedly an “organic” substance and, according to previous 
views, could be produced only under the influence of “vital force.” 
Now urea had been obtained artificially in the laboratory. However, 
vitalistic views were so widespread among scientists, that no great 
importance was attached to Woliler’s discovery. 

Chemistry was freed from vitalistic ideas only in the middle of 
the last century, after the French chemist Berthelot succeeded in 
synthesizing a number of simple organic compounds (carbohydrates, 
alcohol, etc.), and the Russian chemist A. Butlerov first synthesized 
a substance belonging to the saccharide group. This proved that no 
mysterious vital force existed and that the formation of organic 
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compounds takes place according to the same laws as inorganic 
substances. 

Tt does not follow from this, however, that a live organism can be 
regarded as a system determined entirely by only physico-chemical 
laws. 

The biological processes occurring in live organisms are higher, 
more complex forms of the motion of matter and cannot be reduced 
entirely to the forms of matter motion studied by physics and 
chemistry. 

After organic substances had been synthesized, the demarcation 
line between organic and inorganic substances disappeared; however, 
the name “organic substances” persisted. Now this name refers to 
all carbon-containing compounds in general; the majority of these 
compounds do not even occur in organisms but have been obtained 
artificially in the laboratory. 

One of the important features of organic compounds, which leaves 
ils mark on their entire chemical behaviour, is the nature of the 
interatomic bonds in their molecules. In the great majority of cases 
these bonds are of a pronounced atomic nature. That is why organic 
compounds, as a rule, do not ionize and react with one another com- 
paratively slowly. While reactions between electrolytes in solution 
take place almost instantaneously, the time necessary for any 
reaction between organic substances to be completed usually amounts 
to hours and sometimes days. That is why the use of various catalysts 
is of great importance in organic chemistry. 

Another characteristic feature of organic compounds is their ten- 
dency to undergo profound changes when heated, forming new 
substances with entirely new properties. For instance, if wood or 
coal is heated without access of air, a number of new, practically 
very important, products result. Tf heated, on the other hand, in 
the presence of air or oxidants, organic substances burn up, the 
carbon and hydrogen contained in them being converted completely 
into carbon dioxide and water, while the nitrogen is usually liberated 
in the free state. This forms the basis of the elementary analysis of 
organic compounds: the carbon and hydrogen content in the sub- 
stances burnt is determined by thequantity of carbon dioxide and water 
formed, the nitrogen evolved is measured directly, while the oxygen 
content is established by the difference between the weight of the 
substance burnt and the weight of the other elements it con- 
tained. 

The molecular formula of an organic substance can be derived 
from analysis data and determination of its molecular weight. How- 
ever, contrary to inorganic compounds the molecular formula of an 
organic substance gives no idea of its nature or its properties. The 
trouble is that very many organic compounds are known to possess 
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identical compositions and identical molecular weights, but never- 
theless to have entirely different physical and even chemical proper- 
ties. For example, though the composition of ethyl alcohol and of 
dimethyl ether are represented by the same molecular formula C2HeO, 
they are entirely different substances. Ethyl alcohol is a liquid boil- 
ing at 78°C, miscible with water in all proportions, while dimethyl 
ether is a gas, almost insoluble in water; their chemical properties 
also have very little in common. J 

This phenomenon, very common among organic compounds, is 
known as isomerism , and substances responding to the same molecular 
formula, but differing in properties, are called isomeric substances 
or isomers. টী 

‘The various cases of isomerism are explained by the theory of the 
structure of organic compounds founded in the sixties of the last 
century by A. Butlerov. 

167. A. M. Butlerov and His Theory of Chemical Structure. Ale- 
xander Mikhailovich Butlerov was born in 1828 in the town of Chi- 
stopol, Kazan Gubernia. In 1849 he graduated from the Kazan Uni- 
versity, where he studied under the prominent Russian chemists 
K. Klaus and N. Zinin. 

After graduation Butlerov was left at the University to prepare 
for the title of professor, and soon began to deliver lectures in chem- 
istry. In 1851 Butlerov submitted a thesis “On the Oxidation of 
Organic Compounds” for which he received his master’s degree, and 
in 1854, after submitting a dissertation “On Ethereal Oils,” he was 
admitted to a doctor’s degree and the same year was elected professor 
of the Kazan University, where he instructed for a period of 20 years. 

In May 1868, the Council of the Petersburg University, on D. Men- 
deleyev's suggestion, elected Butlerov professor in the chair of chem- 
istry, after which his entire scientific and pedagogical activities were 
transferred to Petersburg. For his prominent scientific merits But- 
lerov was in 1871 elected an extraordinary, and in 1874, a full mem ber 
of the Russian Academy of Sciences. 

From the very first steps of his scientific activities Butlerov showed 
himself to bea brilliant experimenter and carried out a number 
of remarkable syntheses, in particular the synthesis of the first 
artificial saccharide substance which he called methylenitan, and the 
synthesis of urotropin, a compound now widely used in medicine. 

Butlerov’s talent as an experimenter was Supplemented by his 
power of broad theoretical generalization and scientific prediction. 
While still a comparatively young scientist, Butlerov put forth a 
number of profound and daring ideas in the field of theoretical chem- 
istry, for instance, with respect to expressing the structure of mole- 
cules and their interatomic bonds by formulas. At that time many 
chemists thought that science would never be able to penetrate 
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into the structure of the molecule, but Butlerov was confident that 
the structure of the molecules of organic compounds could be ex- 
pressed by formulas, and that this could be done by studying their 
chemical changes. 

In 1861, during a commission abroad, Butlerov spoke at a congress 
of German scientists and physicians on “The Chemical Structure 
of Substances,” ushering in a new epoch in the chemistry of organic 
compounds. Back in Kazan, he elaborated this new science and to- 
gether with his numerous pupils undertook extensive experimental 
investigations to confirm his theoretical theses. These works of But- 
lerov not only led to a number of new important syntheses but 
also confirmed his theory, which, under the name of the theory of 
chemical structure, became the guiding theory in organic chemistry. 

The essence of Butlerov’s theory consists in the statement that 
the properties of substances depend not only upon their qualitative 
and quantitative composition, as was thought previously, but on 
their internal molecular structure as well, and on how the atoms, 
making up the molecule, are linked with each other. Butlerov called 
this internal arrangement “chemical structure.” 

“The chemical nature of a complex particle,” wrote Butlerov, 
“js determined by the nature of its elementary composite parts, by 
their quantity and chemical structure.” 
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Of especial importance was Butlerov's idea that when atoms 
combine chemically in a definite order, according to their valencies, 
they influence each other in such a way as to partially change their 
own nature, their “chemical content.” “One and the same element," 
wrote Butlerov, “in combination with various other elements displays 
a different chemical essence.” For this reason changes in the internal 
structure of molecules lead regularly to the appearance of new 
qualities.* 

In 1862-63 Butlerov wrote his outstanding work “Introduction 
to a Complete Study of Organic Chemistry,” in which he arranged 
the entire aggregate of facts of organic chemistry on the basis of a 
strict scientific classification deduced from the theory of chemical 
structure. In force of thought, scientific depth, clarity of form and 
richness in new ideas, Butlerov's “Introduction” resembles Men- 
deleyev's “Principles of Chemistry.” The classification of organic 
compounds used in his book has remained intact in its main features 
to this day. 

Intense scientific and pedagogical work broke down Butlerov’s 
health and strength, and he died, 58 years of age, in 1886. 

A. Butlerov reared a brilliant pleiad of pupils who developed his 
ideas further. His school gave such prominent scientists as V. Mar- 
kovnikov, A. Favorsky and many others. 

The importance of Butlerov's works and his prominent role in the 
development of science were characterized excellently by Mendeleyev 
in presenting Butlerov to the chair of organic chemistry at the Peters 
burg University. “A. Butlerov is a professor of the Kazan University, 
one of the most prominent Russian scientists. He is Russian both 
in scientific education and in originality of his works. A pupil of 
our prominent Academician N. Zinin, he became a chemist not in 
foreign lands, but in Kazan, where he continues to develop an inde- 
pendent chemical school of his own. The trend of Butlerov’s scientific 
Works is neither a continuation nor a development of the ideas of 
his predecessors, but belongs entirely to himself. Chemistry knows 
Butlerov's school and Butlerov's trend.” 

Butlerov's theory of the chemical structure of molecules is the 
theoretical foundation of organic chemistry. It enables the chemist 
to orient himself in the vast diversity of carbon compounds, to deter- 
mine the structure of molecules by studying their chemical proper- 
ties, to predict the properties of substances from their molecular struc- 
ture, to outline methods of synthesis for any substances required. 

Over ninety years have passed since the theory of chemical struc- 
ture was founded, but the fundamental ideas of this theory have not 
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all the conclusions obtained on the basis of Butlerov's theory. At the 
same time, the physical sense of his “valency lines” turned out to be 
the pairs of electrons common to both linked atoms. This becomes 
obvious if we compare structural formulas in their ordinary and 
electronic forms. 


Methyl alcohol Ethylene 
nH Hn H H H H 


| a, 
H~ULOLH F H H-d=-d-x H:C: :C:H 


| ki ordinary electronic 
H H formula formula 


ordinary electronic 
formula formula 


When using ordinary structural formulas it must always be kept 
in mind that each “valency line” connecting two atoms represents 
one common pair of electrons. 

VBR. Fundamentals of the Classification of Organic Compounds. 
The modern classification of organic compounds is based on the fol- 
lowing principles of the theory of chemical structure: 

1. The atoms in molecules are linked to one another in a definite 
order. Any change in this order results in a new substance with new 
properties. 

2. Atoms combine according to their valencies. The valencies of 

| all the atoms in the molecule are mutually saturated. No free 
valencies are left in atoms constituting molecules. 
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only failed to lose their force in time, but, on the contrary, have 
become more consolidated and profound. In particular, present-day 
data on the electronic structure of molecules has fully confirmed 


4 3. The properties of substances depend on their “chemical struc- 
ture,” i.e., on the arrangement of the atoms in their molecules and 

k their mutual influence. Directly linked atoms exert the greatest 
influence on each other. Therefore, molecules having similar atomic 


groupings possess similar properties. 

4. Carbon is a tetravalent element. Each carbon atom has four 
valency units by means of which it can combine with other atoms 
or atomic groups, such as H, CL, OH, NOs, NHz, CN, ete. 

j 5. Carbon atoms are capable of combining with each other to form 
an atomic “chain” or the “carbon skeleton" of a molecule. 

Denoting the valency bonds of carbon atoms by straight lines 
and keeping in mind the physical sense of this denotation, the 
simplest chain may be represented as follows: 


| fale il 
—C Es 1—C—C—... 
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The free valency units serve to combine with other atoms or 
atomic groups. For instance: 


) - Bee + NPE bye» C+ 3 


| | 
HCl l- —C—H 


Jd lot, Lendl 
J HHH 


pentane, a hydrocarbon 
Chains may be simple, such as those shown above, or branched, 
as, for instance: 
Ital alo] 
Eb | t | b es Or i fee C 
Al LS FE || ela 1 Elie 
| l l 


Chains may be “open,” as above, or “closed,” in which the carbon 
atoms are linked together to form a ring or “cycle.” For example: 


Mts ee 
EE: bl? ES 
Et, Feil AS 


These rings, in their turn, may combine with open chains and other 
tings. Finally, carbon atoms may use up two or three valency units 
on the bond between each other instead of one. Then we get chains 
with “double” or “triple” bonds, the simplest of which may be rep- 
resented as follows: 


= and —C=0C— 


The formation of different chains consisting of the same number 
of carbon atoms, as well as different positions of other atoms in mole- 
cules of identical composition, account for the numerous cases of 
isomerism among organic compounds. To illustrate, the structural 
formulas of two pairs of isomeric compounds are given below: 


yl i H LD: 
n-6-C-t-m and EEL 
Lu 
H H H Br i 
isomeric Rঃ Ste Gl 
H HJ H H 
|| 
"6-0-1 HOO UH 
ih HE 
ethyl alcohol methy] ether 
CH. C3H. 
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lsomerism may be due not only to the atoms being linked in differ- 
ent orders, but also to differences in their spatial arrangement. The 
fact is that the covalent bonds of the atoms have quite a definite 
direction in space. When the carbon atom forms Simple bonds they 
are at an angle of 109°28’ to each other, as if the carbon were in the 
centre of a tetrahedron and the atoms combined with it, at its cor- 
ners. Fig. 111 shows a tetrahedral model of methane, the Simplest 
compound of carbon and hydrogen. 


Fig. 111. Tetrahedric model 
of methane molecule 


If four different atoms or groups of atoms are combined with the 
carbon atom, molecules with two different configurations are possible, 
as shown in Fig. 112. The two models shown here cannot be matched 
in space; they represent the configurations of molecules of Substances 
which differ from one another in some of their physical properties. 
It can easily be seen that one model is the mirror image of the other. 


Fig. 112. Tetrahedric model of secondary n-butyl alcohol molecules 


If the carbon atoms are combined by a double bond they are both 
in the same plane and the other bonds are also in the same plane 
at an angle of 120° to each other: - 
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If two different atoms or radicals are combined with each of the 
carbon atoms. geometrical or cis-trans-isomerism becomes possible, 
An example of this is dichloroethylene: 

[0 [5 [+ H 
Da XC C 
20 < A Ka 
cie-dichlorvethy lone tranmdichliorvethylene 


In the molecules of one of isomers the chlorine atoms are both on 
the same side of the double bond axis, while in the molecules of the 
other, they are on different sides. The first configuration is called the 
cis-configuration, and the second, the trans-configuration. Cis- and 
trans-Isomers differ in physical and chemical properties. 

According to the structure of their carbon chains, all organic com 
pounds fall into three large groups: 

1. Compounds with open carbon atom chains, called also acyclic 
সক or compounds of the fatty series, as they include fats 
und substances related to them. Depending on the nature of the 
carbon atom bonds in the “chains,” these compounds are divided 
Into saturated compounds, containing only simple bonds in their 
molecules, and unsaturated compounds, which have double or triple 
bonds between some of the carbon atoms in their molecules. 

2. Compounds with closed carbon atom chains, or carbocyclic 
compounds. These compounds form two subgroups: 

a) compounds of the aromatic series, characterized by the presence 
in their molecules of rings consisting of six carbon atoms with a 
specific alternation of simple and ‘double bonds; a ring of this kind 
is contained in the benzene molecule, and it is called the benzene 


ring; 

b) alicyclic compounds—all the rest of the carbocyclic compounds. 
Alicyclic compounds have different numbers of carbon atoms in 
their cycles and different kinds of bonds between them. 

3. Heterocyclic compounds. Heterocyclic compounds are those whose 
rings, besides carbon atoms, contain atoms of other elements (oxygen, 
nitrogen, sulphur, ete.). 

In classifying organic compounds, the substances belonging to the 
hydrocarbon class, I. e., consisting only of carbon and hydrogen,* 
are considered the basic substances, All other compounds are regarded 
as derived from hydrocarbons by substitution In their molecules of 
other atoms or atomic groups for part or all of the hydrogen atoms. 
For instance, alcohols are obtained by substituting one or several 
hydrogen atoms in the molecules of hydrocarbons by hydroxyl 
groups. Therefore, alcohols may be regarded as hydrozyl derivatives 


* In the case of heterocyclic com carbon, hydrogen and the 
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of hydrocarbons. For example, 
পৃ শি পক Pe 
1 tel 


‘thane, ethyl atoohol 
hydrocarbon oF ethanol 

Groups of atoms accounting for the generic chomicak properties 
of substances belonging to the same class are called functional groups.’ 
The hydroxyl radical is the functional group of alcohols, a 

The functional group of nitrocompounds is the group NO (nitro- 
group), the func yiolali group of primary amines, the NH, group 
(aminogroup), ete. k 

f there are several different functional groups'in the molecule 
of a substance, the substance is called a mized function compound. 
An example of such a substance is aminoethanol, a representative 
of the aminoalcohol class: 1 

Ba, Hall 
N=—C—C—0—-H 
nd t 

Aminoalcohols possess properties characteristic of amines and 
alcohols, but both sets of properties are slightly. modified, owing. to 
the influence of the functional groups on one another, I 

The classes of organic substances are very diverse and in the pros. 
sent course of general chemistry we can dwell but briefly only on 
the most important of them. 

169. Saturated Hydrocarbons. The simplest representative of the. 
saturated hydrocarbons is methane CH;,. It is a colourless, light, 
combustible gas with no odour, almost insoluble in water, 
boiling point of methane is —161,5°C and its freezing point, —184°C, 

Methane occurs quite frequently In nature. The so-called natural 
Kases, cscaping at certain points of the globe, consist mainly of 
methane. 

This gas is liberated from the bottoms of marshes, ponds and stage 
nant water bodies, as a result of the decomposition of plant remains 
out of contact with air, for which reason it is known also as marsh 
Kas. Finally, methane accumulates constantly in coal mines, where 
it is called mine gas or firedamp, As it forms an explosive mixture 
with air, methane has more than once been the cause of mine hazards, 

Methane is one of the main component parts of coal gas, produced 
by heating coal without access of air and containing about 25 to 30 
per cent CH. 


29 
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‘The methane molecule is comparatively stable. Under ordinary 
conditions methane will react only with chlorine, and especially 
vigorously with fluorine. The reaction is accelerated by light, the 
hydrogen atoms being substituted successively by chlorine atoms: 


CH,.+ Cl, — CH,CL+HCI 
CHCl + Cl, —- CHCl, + HCl, ete. 


There are very many hydrocarbons with properties similar to those 
of methane. Some of them are: ethane Ca2Hs, propane CaHs, butane 
CuHso and others. In the molecules of these compounds all the bonds 
between the carbon atoms are simple ones: 


HHH HHH H 
Ty 1 
ECE Mery n-G—-G-d-n 
| Js ul 
H i un HHHH 
propane butane 
or 
CH, —CH,—CH, CH,—CH,—CH,—CH, 


If we arrange the formulas of the above hydrocarbons in order 


of increasing numbers of carbon atoms in their molecules, we get the 
following series: 


CH NOCH INCH “GH NOH CGH, eto. 
methane ethane propane butane pentane hexane 

Comparing these formulas, we see that each subsequent member 
of the series contains one carbon and two hydrogen atoms more 
than the preceding member. A series of organic compounds, all the 
members of which are similar in chemical properties and structure, 
each subsequent member differing from the one preceding it by a CH: 
group of atoms, is called a homological series and its individual members 
are called homologues. The hydrocarbons mentioned above form the 
homological methane or saturated hydrocarbon series, known also as 
the paraffins (from the Latin parum affinis—of low affinity) due to 
their low activity. Other organic substances can also be grouped 
into similar homological series. 

Homological Series are an especially Striking manifestation of one 
of the universal laws of nature, namely, the Law of Transformation 
of Quantity into Quality. The addition or abstraction of one carbon 
and two hydrogen atoms from the hydrocarbon molecule results in 
an entirely di fferent substance which, though it has much in common 
with the adjacent members of its series, differs qualitatively from 
them. The qualitative difference FE is especially 
Pronounced in their Physical properties. She lowest members of the 
saturated hydrocarbon series (from CH; to C,Hio) are gases, and 
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the larger their molecular weights, the higher their boiling points; 
the intermediate members of the series (from C5H; to CioHs4) are 
liquids at temperatures up to 20° and the rest are solids. ye 

Special credit for the study of the homological paraffin series is 
due to the German scientist C. Schorlemmer (1834-1892). 

The saturated hydrocarbons are composite parts of crude oil and 
oil products. Petroleum ether contains hydrocarbons with formulas 
from CH; to CiHis, gasoline, from C;His to CsHs0, kerosene, from 
UioHs»s to CisHss,. Solar oil and other heavy oils used as Diesel fuel 
are also mixtures of hydrocarbons; some of them contain as many 
as 20 carbon atoms in their molecules. Still heavier hydrocarbons 
are contained in greases, vaseline and paraffin. 

“As the number of atoms in the molecules of the saturated hydro- 
carbons increases, another qualitative feature arises, namely, the 
number of isomers becomes larger and larger. 

Methane CH;. ethane CsHs and propane CsHs have no isomers, 
Butane C,H, forms two isomers: 

CH, 


CH,— CH,—CH,—CH, CH,—CH 
normal butane (b. p. +1°C) ~~ ্ঁ 
CH, 


isobutane (b. p.—17°C) 


Pentane C;H;,s has three isomers, the number of isomeric heptanes 
CsHis is nine, while the formula Ci4Hgo represents as many as 1,818 
different hydrocarbons, etc. 

Isomerism in the saturated hydrocarbon series was predicted by 
A. Butlerov. He also synthesized the first isomers with branched car- 
bon atom chains. 

The individual homologues and their isomers differ not only in 
physical properties, but in chemical properties as well. The differ- 
ence in chemical properties, particularly, tells on the tendency of 
Some of the hydrocarbons contained in motor fuel to cause knocking, 

Knocking is due to very rapid decomposition (explosion) of hydro- 
carbons, taking place suddenly when the fuel mixture is compressed 
in the motor cylinder. Knocking prevents a high degree of compression 
of the fuel mixture from being attained,* leads to excessive fuel 
consumption and to rapid wear of the motor. The anti-knock character- 
istics of a fuel depend greatly on the structure of the carbon chains 
in its hydrocarbon molecules. Branched chain isomers cause knocking 
much less than straight-chain isomers. 

The anti-knock properties of a motor fuel are characterized by 
its so-called octane number. The usual standard samples used for 


* The higher the degree of compression, the greater the power of the motor. 
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Ethylene is the first member of the ethylene hydrocarbon or olefin 
series. The subsequent members of this series are propylene C3Hs, 
butylene C,4H,, etc. 

The main source of ethylene and its homologues are the gases 
formed during the cracking of oil products. Cracking is the process of 
splitting large hydrocarbon molecules into smaller ones, accomp- 
lished by heating saturated hydrocarbons to 400 or 500° C under 
high pressure. For instance: 


CE CH 0H OH, 7 CH, = CH CH CH, 


The cracking of oil products, first accomplished on an industrial 
scale by the Russian engineer V. Shukhov (who patented his appa 
ratus in 1891), makes it possible to obtain low-boiling hydrocar- 
bons (such as gasoline) from hydrocarbons with high boiling points. 
Cracking always leads to the formation of unsaturated hydrocarbons 
as well as saturated. 

The unsaturated hydrocarbons, formed during the cracking proc 
883, serve as raw materials for the organic synthesis industry, which 
puts out high-octane gasolines, alcohols, various solvents, insula 
tors and rubber-like materials, plastics and other valuable substan- 
ces. 

A. very important unsaturated hydrocarbon with a large number of 
double bonds in its molecule is rubber. The composition of rubber 
molecules may be expressed by the formula (C5Hs),, where may 
equal from 1,000 to 3,000. 

Rubber is a polymer of the hydrocarbon isoprene and forms accord- 
ing to the scheme 

CH, CH, 


|) | 
ACH,=CH—C=CH,—> [—CH,—CH=C CH,—]x 
isoprene rubber 


As can be seen from this scheme, polymerization of isoprene re- 
sults in a shift of the double bond. 

Rubber latex is contained in the milky fluid of certain plants. 
Another natural product, gutta-percha, is also a polymer of isoprene, 
but its molecules have a different configuration. 

Raw rubber latex is sticky, and a very Slight drop of temperature 
makes it brittle. ‘To render the rubber suitable for the manufacture 
of various products, it is first vulcanized (heated with sulphur). 
After vulcanization it becomes what we usually call rubber. 

The absence of natural rubber in the U. S. S. R. made it necessary 
to develop a method of obtaining this very important product arti- 
ficially. Soviet chemists discovered a method of producing synthetic 
rubber and were the first to effect it on an industrial Scale. In the 
process proposed by S. Lebedev (1874-1934) the raw material for the 
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production of synthetic rubber is the hydrocarbon butadiene CH= 
=CH—CH=CH; obtained from alcohol and from petroleum butane. 
Polymerization of butadiene results in synthetic rubber: 
' XCH,=CH—CH =CH, — [—CH,— CH=CH —CH,—] 
butadiene synthetic rubber 


Other types of synthetic rubber besides butadiene rubber are now 
produced in the U. S. S. R. 

Acetylene CsHs. The most important of the hydrocarbons with 
triple bonds in their molecules is acetylene H—C=C—H, a colour 
less gas prepared by the action of water on calcium carbide: 


CaC, + 2H 0 = Ca(OH), + C,H, 


Acetylene is an endothermal compound, and a large amount of 
heat is therefore released during its combustion. The high tem per- 
alure developed when acetylene is burnt makes it Suitable for gas 
welding. 

Acetylene enters into a great variety of reactions, including addi- 
tion, polymerization and others. Many industrial syntheses of such 
important products as acetic acid, synthetic rubber, various plas- 
tics, etc. (see Fig. 113, p. 457) depend on the use of acetylene as the 
raw material. 

Of great theoretical and practical importance in the field of un- 
Saturated, and especially acetylene, hydrocarbons are the works of 
A. Favorsky (1860-1945) and his Pupils. Favorsky discovered a 
large number of different molecular regroupings taking place during 
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chemical reactions, studied their regularities and pointed out meth- 
ods of controlling these processes. 

171. Cyelie Hydrocarbons. In the seventies of the last century 
V. Markovnikov showed that, unlike American crude oil, Baku crudes 
consist mainly of cyclic hydrocarbons with five or six carbon atoms in 
their cycles. Markovnikov called these hydrocarbons naphthenes. The 
carbon atoms of naphthene molecules are connected by simple bonds, 
like in the molecules of the paraffins, so that the properties of the 
naphthenes resemble those of saturated hydrocarbons. 

Vladimir Vasilyevich Markovnikov was born in 1838. After graduating 
the Kazan University in 1860, Markovnikov was offered a position at the chair 
of Butlerov. In 1869 Markovnikov maintained his doctor's thesis entitled “Data 
on the Mutual Influence of Atoms in Chemical Compounds,” in which he devel- 
oped the ideas set forth in Butlerov's theory of chemical structure. 

In 1873 Markovnikov was offered a position at the University of Moscow, 
where he remained as a professor to his very death. Attaching great importance 
10 scientific investigations “on materials related to Russian nature,” Mar- 
kovnikov undertook in 1881 an extensive study of Russian mineral oils. 

This study led to a number of discoveries, the most important of which was a 
new class of organic compounds called naphthenes. 


Some examples of naphthenes are: 


CH,—CH, CHs—CH— CH, CH, 
Et ane FANE 

CH, CH, CH, CH, CH, CH, 

~ 
CH, CH, CH, CH, 
cyclopentane methyl cyclopentane NN 
CH; 
cyclohexane 


Another very important group embraces hydrocarbons whose mole- 
cules contain cycles (one or several) consisting of six carbon atoms 
connected alternately by simple and,double bonds: 


CH হু CH HR PE 
ASN ZN NN 
HC” NeH HQ/ ‘CCH ne f & GH 
HC ly HO CoH HC টা LAC 
১ NVA ২ / 
oo on CH CH CH 
benzene CoH, naphthalene C,oH, anthracene C,.H,o 


Hydrocarbons with such molecular structures have long been known 
as aromatic hydrocarbons. They are present in large quantities in 
the coal tar obtained by carbonization of bituminous coal. The in- 
dustrial importance of aromatic hydrocarbons is so great that it 
became necessary to prepare them from the hydrocarbons contained 
in mineral oils. This problem was successfully solved by N. Zelinsky 
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and his pupils B. Kazansky and A. Platé, who transformed many 
saturated hydrocarbons into aromatic. 

For instance, if heptane C7H;,6, obtained from mineral oil, is heat- 
ed in the. presence of a catalyst, the aromatic hydrocarbon toluene 
results, according to the equation: 


CH; CH 

FAS 
CH,—CH, AC; CECH; 

g | 


CH, [ 
HO “GCH PAH; 


Ny 
CH; CH 
১ £" toluene 
CH,—CH, 


heptane 


Aromatic hydrocarbons enter into a great variety of reactions 
However, with the combination of bonds peculiar to their molecules, 
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Benzene 


Medicinals 
Nitrobenzene 


raphe. 
Healenks 


HO Y-oH 
Hydroguinone 


Aniline 
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Plastics 
Anilino— 
formaldehyde 
FeSINS 


Fig. 114. Syntheses based on aniline 
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reactions characteristic of double bonds, i. e., addition reactions, are 
rare. On the other hand, reactions of hydrogen displacement by other 
atoms or atomic groups are common in aromatic compounds. 

For instance, benzene and other aromatic hydrocarbons react 
readily with concentrated nitric acid according to the reaction: 


nitrobenzene 


benzene 


Reactions of this kind are called nitration. 
Nitration of toluene gives an explosive called trinitrotoluene 
(TNT), which has the following structure: 


CECH 


VAS 
O3N—C C—NO; 


HCi CH 
SN 
NO; 


In 1842 Zinin discovered the reduction of nitrocompounds into 
amines, a reaction known ever since as the “Zinin reaction.” By 
reducing nitrobenzene he obtained the aromatic amine aniline 
CeH sNH2: 

CH CH 


VAS A Ns 
HEC NOI HC, CNH 


| al lh (yt 


HC CH 0) 
S/ S 
CH Cl 

nitrobenzene aniline 


Zinin’s discovery can hardly be overappreciated. Aniline and other 
aromatic amines are used for the preparation of a great variety of 
synthetic dyes. Numerous syntheses of pharmaceuticals, photographic 
reagents, explosives and other valuable materials have been developed 
and accomplished on the basis of aromatic amines (see Fig. 114, 
Pp. 460). 


Nikolai Nikolayevich Zinin, a prominent Russian chemist, founder of the 
famous Kazan school of organic chemists, was born in 1812. Zinin’s scientific 


Nikolai Nikolayevich Zinin 
(1812-80) 


and pedagogical activities were connected at first with the Kazan University 
Where in 842 he discovered the reaction of the preparation of aniline. A small 

uantity of aniline obtained personally by Zinin is kept and cherished to this 
a in the chemical laboratory of the University. In 1847 Zinin moved to Peters 
burg, where he headed a chair at the Academy of Medicine and Surgery, and in 
1867 he was elected to full membership in the Russian Academy of Sciences 

Besides the discovery of the reaction of transformation of nitrobenzene into 
aniline, which brought Zinin world fame, he also accomplished a number of 
other organic syntheses of reat practical importance. 

Zinin was the first President of the Russian Chemical Society, founded in 
1868 (now the All-Union Mendeleyev Chemical Society). This Society played 
a great part in the development of chemiswy and the propagation of chemical 

nowledge in Russia. Zinin remained its President for ten years. 

“Zinin's name will always be honoured by those to whom the progress and 
might of Russian science are dear” (A. Butlerov). 


172. Halogen Derivatives of Hydrocarbons. Halogen derivatives 
of hydrocarbons are compounds which may be regarded as products of 
the substitution of one or several hydrogen atoms in the hydrocarbon 
molecule by halogen atoms. The following substances exemplify 
compounds of this class: 

Chloroform CHCl; (or trichloromethane), a liquid boiling at 61.2° C 
used as an anaesthetic during surgical operations. 

Carbon tetrachloride CCl,, a heavy non-inflammable liquid (b. p. 
76.7° C), is used as a solvent for extracting fats and oils from plants, 
for removing fatty spots from clothing, ete. 
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D ifluorodichloromethane CFC (freon) boils at 30° C, is non-poison- 
vus and does not react at ordinary temperatures with metals; when 
evaporated absorbs a large amount of heat. Used in refrigerators. 

Vinyl chloride CHs= CHOI, a derivative of ethylene. A colourless 
Las, easily polymerized into an elastic mass known as polyvinyl 
chloride (—CHs—CHCIl—),, very stable against acids and alkalis. 
Polyvinyl chloride is widely used for lining pipes and vessels in the 
chemical industry. It is used also for insulating electric wires, 
for the preparation of artificial leather, very light, transparent 
raincoats, etc. 

Tetrafluoroethylene CF; =CEF,. Tts polymer [—CFs—CF,—], known 
as “tellon” isa very valuable plastic, stable against alkalis, concen- 
trated acids and other reagents. Teflon is used in the production of 
chemical apparatus. 

Hezachlorocyclohezane  (hexachlorane) and  dichlorodiphenyltri- 
chloromethylmethane (DDT) are widely used to destroy insects 
and agricultural pests. 


H. Cl CH —ChH H VS 
AL N NN 
fio EA ctl C—l 
H N Ly ১ Hs Ny 
SS oa tn cf a—b-cton of 
(ni Cl | 
H SN | | ZH cl 
An Lt TOT ES TE LTT 


H CI 


hexachlorocyclohexane 
(hexachlorane) 


173. Alcohols. Alcohols are hydroxyl derivatives of hydrocarbons, 
obtained by substituting hydroxyl groups for one or more hydrogen 
atoms in the hydrocarbon molecule. For instance, methyl alcohol 
CH30H is a hydroxyl derivative of methane CH,, ethyl alcohol 
CHs—CH,—OH, a hydroxyl derivative of ethane CHs — CH, ete. 

If alcohols are acted upon by alkali metals, the hydrogen of the 
hydroxyl group linked directly to the oxygen is displaced by the 
metal to form solid compounds soluble in alcohol and known as 
alcoholates: 

2CH,CH,— OH 4-2Na —+ 2CH,CH,—ONa 4-H, 


In this respect alcohols are similar to many inorganic compounds con- 
taining hydroxyl groups in their molecules, such as water, oxyacids 
and other compounds, in which the hydroxyl groups are linked tc 
non-metal atoms. 
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Like water, alcohols are associated liquids (see § 72) for which 
reason they have higher boiling points than other organic substances 
having equal molecular weights, but not containing hydroxyl 
groups in their molecules. 

All alcohols react with acids, splitting off a molecule of water and 
forming compounds known as esters, e. g.: 


CH,—0!H + HO-NO, = CH,—0—NO, + HO 


methy! nitric methyl 
alcohol acid nitrate 

The ability to form esters is a characteristic property common to 
all alcohols and all acids. 

At first sight, esters resemble salts in structure. Actually, however, 
the resemblance is only formal. The bond between the hydrocarbon 
radical (the radical obtained by abstracting one hydrogen atom from 
a hydrocarbon molecule) and the rest of the ester molecule is atomic 
and not ionic, as in salts. 

Unlike most salts, esters are insoluble in water, but dissolve in 
organic solvents. Their solutions do not conduct electricity. 

The formation of an ester from an alcohol and an acidis a reversible 
reaction, the forward reaction being called esterification and the back 
reaction ester hydrolysis or saponification. 

Methyl alcohol or methanol CH3OH is a colourless liquid (b. p. 
65° C), highly poisonous; causes blindness if drunk, and may even be 
fatal if taken in large doses. Is obtained in large quantities by syn- 
thesis from carbon monoxide and hydrogen at a high pressure and high 
temperature in the presence of a catalyst: 


CO -+2H, = CH,O0H 


Methyl alcohol is produced by the dry distillation of wood and for 
that reason is known also as wood alcohol. It is used as a solvent and 
for the preparation of other organic substances. 

Ethyl alcohol or ethanol CH;CHsOH (b. p. 78° C) is one of the most 
important initial substances in the present-day organic synthesis 
industry. It has been prepared since ancient times from various 
Sugar-containing substances, such as grape sugar, or glucose, which is 
converted into alcohol by fermentation under the action of ferments 
(enzymes) produced by yeast fungi. 

The reaction takes place according to the equation: 

Cs H,20, = 2C,H,OH 4-200, 
£lucose 

The raw material for the preparation of alcohol by fermen- 
fation may be the starch contained in potato tubers, or in the grains 


0) 
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of rye, wheat, maize, etc. To convert the starch into saccharide sub- 
stances, the flour or fiuely divided potatoes are scalded with hot water 
and cooled, after which matt, i. e., germinated barley grains ground 
with water, is added to it. The malt contains a special enzyme, called 
diastase, which acts catalytically on the saccharization of starch. 
After saccharization is complete yeast is added to the resulting liquid, 
and under the action of its enzymes (zimases) alcohol is formed. The 
latter is then distilled off and purified by redistillation. 

At present cellulose, the chief constituent of wood, is also saccha- 
rized by the action of concentrated acids. The product obtained in 
this way is fermented into alcohol by means of yeast. 

Finally, alcohol can be prepared by synthesis from ethylene. The 
reaction consists, in the long run, in the addition of water to ethylene 
(in the presence of a catalyst): 


CH,=CH,+H,0 — CH,— CH,—OH 
Besides alcohols with one hydroxyl group in their molecule, there 


are also alcohols whose molecules contain two or more hydroxyl 
groups. Examples of such alcohols are ethylene glycol and glycerine: 


CH,— CH, +e EE 
| | | 
dn OH OH OH OH 
ethylene glycol £lycerine 


Ethylene glycol and glycerine are high-boiling liquids with a sweet 
taste, miscible with water in all proportions. Ethylene glycol is used 
as a composite part of antifreeces, i. e., Substances substituting water 
in automobile and aircraft motor radiators in winter. A 65 per cent 
solution of ethylene glycol in water freezes at as low a temperature 
as —40° C. 

The nitrate esters of ethylene glycol and glycerine 

CH,—CH, CH, —CH 08, 
{ | and | | | 
ONO, ONO, ONO, ONO, ONO, 
incorrectly called nitroethylene glycol and nitroglycerine, are very 
explosive and are used for the preparation of dynamite. 

Phenol CsH 3OH is a hydroxyl derivative of the aromatic hydro- 

carbon benzene CsHs. Its structural formula is: 


30_881 
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Pure phenol is a colourless crystalline substance melting at 41° C. 
It possesses a characteristic odour and antiseptic properties. The 
acid properties of the hydroxyl hydrogen are much more pronounced 
in phenol than in alcohols; this hydrogen can be displaced by a mel- 
al not only by the action of alkali metals, but by the action of 
alkalis as well. That is why phenol is otherwise called carbolic acid. 

Phenol is contained in coal tar and can be prepared also syntheti- 
cally from benzene. It is used in large quantities for the synthesis 
of medicinals, dyes and plastics. 

174. Ethers. Ethers are organic compounds, whose molecules con- 
sist of two hydrocarbon radicals connected by an oxygen atom. 
An example is diethyl ether CsH;—O—CsH;. 

Ethers are usually prepared by abstracting a molecule of water 
from two alcohol molecules. For instance: 


(Ha OH He 07 Cafes CAHL— 0 CH HO. 


Most ethers are liquids, almost insoluble in water. The most im por- 
tant of them is diethyl ether (C2H;s)20, a very mobile liquid with a 
characteristic odour and a boiling point of 34.5° C. It is widely used 
in laboratory practice as a solvent and in medicine as an anaesthetic 
and as a composite part of certain medicines. 

175. Aldehydes. The functional group of aldehydes is the univalent 


0 
group CL + Examples of aldehydes are: 
~H 


(0) ) 
CL sH,— 0 
H— CC CH, Io 

n H 

formaldehyde acetaldehyde 


Aldehydes are prepared by oxidizing the corresponding alcohols. 
For instance, formaldehyde is formed by passing a mixture of methyl 
alcohol vapour and air over a hot catalyst: 


0 
2CH,O0H +0, — 2H —CZ 4+ 2H,0 
NH 


Formaldehyde is a gas with a pungent, disagreeable odour, very 
soluble in water. It possesses excellent antiseptic and tanning proper- 
lies. A 40 per cent solution of formaldehyde in water under the name 
of formalin is widely used for disinfection, for preserving anatomical 
preparations, for pickling seeds before Sowing, etc. Considerable 
quantities of formaldehyde are used for the preparation of its reaction 


SE ET EET 
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products with phenol. The reaction taking place may be represented 
as follows: 


CH CH CH 
Hn t_OH CH, H€é tion CH, nC oH 
fl Ee 3 SA TET I he ats a Ln I | ee 
C+ Gazz yO HEA CEH HCO HG ICH 
NG EBERLE EDS TL OS MOGI RD 
0 cli cli 
CH CH CH 
HE EAM HE CDH n¢ Lon 
ll | | | I | 4 4H,0 
HOG CLG C0 
SY SAAN / 


CH PCH AN CH Ut CHEF 

The formation of large molecules from molecules of lower molecular 
weight accompanied by the splitting off (or shifting) of atoms or Eroups 
of atoms, is called condensation. 

The condensation products of phenol and formaldehyde are known 
as phenol-formaldehyde resins, which possess a remarkable prop- 
erty: when heated they at first soften, and then, if further heated 
(especially in the presence of suitable catalysts), become hard again. 
Phenol-formaldehyde resins are mixed with various fillers (wood 
pulp, finely divided paper, asbestos, graphite, etc.), with plasticizers 
and dyes, and the wares required are manufactured from the result- 
ing mass by hot pressing. About 40 per cent of all the wares made of 
plastics are obtained on the basis of phenol-formaldehyde resins. 

Acetaldehyde CHsCHO (b.p. 21° C) is prepared in industry by the 
combination of water and acetylene in the presence of mercury salts, 
which act as catalysts for this reaction: 


() 
He 0 = CEH SCH LOL 
SH 


‘This industrially important reaction was discovered by the Rus- 
Sian scientist M. Kucherov (1850-1911). 

Aldehydes oxidize very readily into carboxylic acids. For instance, 
oxidation of acetaldehyde results in the formation of acetic acid, 
which is of great economic importance: 


0 
20H,— CZ -— 20H. — 0 
Wald *TNo-—H 
acetaldehyde acetic acid 
Owing to their ready oxidizability aldehydes are potent reducing 
agents. 
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176. Ketones. Ketones are compounds whose molecules contain the 
atomic group >C = OO, linked to two hydrocarbon radicals. For 
example: 


in OE CH; < 
bg Ce 
CH; CH; 
dimethyl ketone (acetone) methylethyl ketone 
[9) 


The group < » known as the carbonyl group, is present also in 


aldehyde molecules. This accounts for the resemblance in the chemical 
properties of aldehydes and ketones. However, they are not identical, 
as in aldehyde molecules one of the bonds of the carbonyl group 
is combined with hydrogen, while in ketone molecules both bonds 
are linked to hydrocarbon radicals. In particular, ketones are much 
more difficult to oxidize than aldehydes, and are not such powerful 
reducing agents. 

‘The most important ketone, practically, is dimethyl ketone, or 
acetone. 

Acetone CHs—CO—CHs is a colourless liquid with a characte- 
ristic odour, boiling at 56° C and miscible with water in any propor- 
tions. Acetone isan excellent solvent formany organic substances, which 
accounts for its wide use in the paint and varnish industry, in the 
manufacture of certain types of artificial silk, shatterproof organic 
glass, cinema film, etc. It isalso used for the synthesis of a number 
of organic compounds. 

177. Carboxylic Acids. Carboxylic acids are characterized by the 


0 
presence in their molecules of the atomic group < Which 
OH 


is the’ functional group of this class of compounds and is known as the 
carboxyl group. Examples of acids are 


0 0 0 
HCL CH, CH,—CH,— 0 
oH OH Non 
formic acid acetic acid propionic acid 
It can be seen from the above formulas that carboxylic acid mole- 


eules, like those of alcohols, contain hydroxyl groups, for which rea- 
Son acids resemble alcohols in some respects. But in acids the hydro- 


Xyl group is under the influence of the atomic group — cL » While 


in alcohols it is influenced only by the hydrocarbon radical. The 
influence of the ‘carbonyl group on the hydroxyl manifests itself 
particularly in the fact that the hydrogen atom of the hydroxyl 
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group in acids is mu¢h more “acidic” than in alcohols: it is displaced 
much more readily by metals and splits off as a cation, for instance: 


CH,COOH > CH,CO00’ + H: 
With bases these acids form salts: 
CH,COOH + NaOH = CH,COONa + H,0 


However, carboxylic acids are weak acids and therefore their salts 
are hydrolyzed. 

Depending on the number of carboxylic groups in the molecule, 
carboxylic acids fall into unibasic, dibasic, etc., acids. 

Acetic acid CH:COOH (b. p. 118.1° C) was the first acid ever known 
to man. It forms during the fermentation of wine and during the dry 
distillation of wood. It is prepared in industry in large quantities by 
the oxidation of acetaldehydes obtained from acetylene by the 
Kucherov reaction. 

Acetic acid is used in very many chemical processes: in the manu- 
facture of various dyes, medicinals, artificial fibres, certain types of 
plastics, etc. 

Acids with higher molecular weights, such as the solid saturated 
acids palmitic CisHsi—COOH and stearic CiurHss—COOH, and 
liquid, unsaturated oleic acid Ci7Hs3—COOH, are widely dissem- 
inated in animal and plant organisms as esters. Natural fats are 
mixtures of the glycerine esters of these acids. 

The following equation represents the formation of one of these 
esters: 


CH,—0O—H HO—O0C—CiiHss  CH,—00C—CyHss 
| { i | 
CH —0—H--HO—O0C—CiHs — CH—OO0C— CH; 3H20 


t ! | 
CH,—0O_H HO—O0C—CiH, CHi—00C—ChHss 


Solid fats contain chiefly esters of palmitic and stearic acids, 
while liquid vegetable oils are esters of oleic acid. Under the action 
of hydrogen (in the presence of nickel as a catalyst) liquid fats can 
be converted into solids as a result of the addition of hydrogen at 
the double bond between the carbon atoms in the esterified molecules 
of the unsaturated acid. 

Like all esters, fats undergo hydrolysis (saponification). The sapo- 
nification of fats is in itself a slow reaction but can be catalyzed by 
strong acids, alkalis, metal oxides or enzymes formed in live organ- 
isms. 

The hydrolysis of a fat in a neutral or acid medium results in 
glycerine and the above-mentioned acids; if they are hydrolyzed in 
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alkaline solution the result is not the free acids, but their salts, called 
Soaps (e. g., Ci7H 35COONa — sodium Soap). 

Some oils such as linseed oil consist of esters of Still more unsatu- 
rated acids than oleic, containing two or three double bonds in their 
molecules. Such oils, on being applied to a surface, Possess the prop- 
erty of forming solid durable films in the air. They are known as 
drying oils, and are used for the preparation of oil paints. To make 
them dry more rapidly the oils are preliminarily boiled in the pres- 
ence of metal oxides (oxides of cobalt, manganese or lead), which act 
as catalysts for the formation of the film. They are then called 
boiled oil. 

Many esters of carboxylic acids and saturated hydrocarbons possess 
pleasant odours and are often found in plants, accounting for the 
fragrance of flowers and the flavour of fruits and berries. Some of 
these esters can be prepared artificially and are widely used under 
the name of “fruit essences” in confectionery, in the manufacture 
of soft drinks, perfumes, etc. Isoamyl acetate CH3COOCH,, (oil of 
pears) is used as a solvent for celluloid. 

In recent years certain derivatives of acrylic acid CH,=CH— 
—COOH, an easily polymerized unsaturated acid, have acquired 
great importance. One of them is methyl methacryalate CH= C(CH 3)— 
—COOCH;. The polymers of this ester are transparent solids, 
resistant to heat and light. They are used to prepare sheets of strong 
and light pleziglass, widely used for aeroplanes and for the manufac- 


basic carboxylic acids. It is a crystalline solid, readily soluble in 
Water. It is contained in many plants (e.g., sorrel) in the form of the 
acid potassium salt, and is used for dyeing fabrics. 

Teraphthalic acid, a dibasic carboxylic acid of the aromatic Series, 
has the structural formula 


Hooc —Z D2 CooH 


The condensation product of the dimethyl ester of this acid with 


ethylene glycol (p. 465) is used for the manufacture of lavsan, an 
artificial fibre. 
OH 


Lactic acid CH ,—CH 
COOH 
ing different functional groups and manifesting the properties of both 
acids and alcohols (alcohol-acid). It is formed during the olactic fer- 
mentation of Sugar-containing substances caused by special bacteria. 
It is contained in sour milk, sauerkraut, siloed fodder, etc. 


is an example of a compound possess- 
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A similar compound of the aromatic series is salicylic acid 
UsHA(AOH)COOH, the acetate of which, known as aspirin, is widely 
used as a febrifuge. 


CH CH 
/ NN (NN 
HC C—COOH HC C—COOH 
HC C—OH HC C€—0—COCH;, 
A A 
CH CH 
Salicylic acid aspirin 


178. Carbohydrates. Carbohydrates include various sugars and 
substances which turn into sugars when hydrolyzed. Carbohydrates 
fall into three groups: monosaccharides, disaccharides and poly saccha- 
rides. 

A representative of the simplest carbohydrates, the monosaccha- 
rides, is glucose, or grape sugar, a white crystalline substance with a 
sweet taste, readily soluble in water. Glucose is contained in large 
quantities in grape juice, in many fruits, as well as in the blood of 
animals and man. The work of the muscles depends mainly on the 
energy released due to the oxidation of glucose. 

Glucose is an aldehyde-alcohol.- The following structure is attrib- 
uled to its molecules: 

yO 
GH CRONE PEO EEO sn NDR 


However, the properties of aldehyde-alcohols show that it would 
probably be more correct to represent their molecules as cyclic com- 
pounds; for instance, the structural formula of glucose would be 


CHOH —CHOH—CHOH —CHOH Fh —CH,0H 
| 
0 


Glucose is used to finish fabrics, in the manufacture of mirrors 
and as a medicine. 

Ordinary beet sugar CisHs201, is a disaccharide. It is contained 
in sugar beet (up to 15 per cent), in sugar cane, in birch and maple 
sap and in some fruit juices. 

If heated in acid solution disaccharides hydrolyze into mono- 
saccharides: 

CiaH 20, + HO + 2C5H 206 


The polysaccharides form the third class of carbohydrates. These 
compounds differ in many respects from mono- and disaccharides: 
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they have no sweet taste and most of them are insoluble in water. 
The molecules of polysaccharides are built up of numerous 
—CsH00 5— groups, so that their composition is expressed by the ge- 
neric formula (CeH,00s),. Polysaccharides include such substances 
as starch and cellulose. 

Starch (CeHi,00s), forms as a result of photosynthesis in plant 
leaves. It is also deposited “as a reserve” in tubers, roots and grains. 
In the digestive tract of man and animals starch is hydrolyzed and 
converted into glucose, which is assimilated by the organism. 

In industry starch is converted into glucose by boiling for several 
hours with dilute sulphuric acid (Kirchhoff process, p. 364). The 
Sulphuric acid is removed from the resulting solution by adding 
chalk, which forms insoluble CaSO, with the Sulphuric acid. The 
precipitate is filtered off and the solution evaporated. The result 
iS a thick sweet mass known as starch molasses, which, besides glucose, 
contains considerable quantities of other starch hydrolysis products. 
Molasses is used for the preparation of confectionery goods and for 
Various technical purposes. 

If pure glucose is required, the starch is boiled for a longer time 
to convert it more completely into glucose. The solution obtained 
after neutralization and filtration is condensed until glucose crys- 
tals begin to separate out. 

If dry starch is heated to 200 or 250° Cit partly decomposes, yield- 
ing a mixture of polysaccharides of less complex composition than 
Starch. This mixture is called dextrin and is used for finishing fab- 
rics and for the preparation of pastes. The conversion of starch into 
dextrin accounts for the formation of the Shiny crust on baked 
bread, as well as the lustre of starched linen. 

Cellulose (CoH,00;), is the chief constituent of the shells of plant 
cells. In some types of cellulose the value of x is about 1,500. The 
purest cellulose found in nature is cotton fibre, which contains 85 
to 90 per cent cellulose. The wood of coniferous trees contains about 
50 per cent cellulose. 

The importance of cellulose is Very great. Suffice it to mention 
the immense quantity of cotton fibre used to manufacture cotton 
fabrics. Cellulose is made into paper and cardboard, and, by chemical 
treatment, into a large number of diverse products, such as artificial 
fibre, plastics, varnishes, smokeless gunpowder, ethyl alcohol (see 
Pp. 464), etc. 

In industry cellulose is produced from wood by various methods. The most 
common method consists in treating the wood pulp at high temperature and 
Pressure with a solution of calcium acid sulphite Ca(HSO;),. The wood is de- 
composed, the lignin contained in it Passing into solution, while the cellulose 
remains unchanged. Then the cellulose is separated from the Solution, washed 


With water, dried and further treated. Cellulose obtained by this method is 
Often called sulphite cellulose. 


178. Carbohydrates 4138- 


Cellulose is insoluble in water, ether and alcohol; it is very stable 
to the action of dilute acids, alkalis and weak oxidants. 

When treated for a short time with concentrated sulphuric acid 
cellulose partly hydrolyzes, turning into what is known as amyloid, 
#8 substance close in properties to starch. If unsized paper is dipped. 
into concentrated sulphuric acid for a short time and then immediate- 
ly washed, the amyloid formed cements the paper fibres together. 
making the paper denser and stronger. This is how parchment pa- 
per is made. 


Under the prolonged action of mineral acids cellulose passes into hydrocel- 
lulose, a mixture of unchanged cellulose and the products of its decom position. 
and hydrolysis. More vigorous action of acids causes hydrolysis of the hydrocellu- 
lose, resulting finally in glucose. 

Cellulose contains hydroxyl groups in its molecules, and therefore forms- 
cthers and esters. The esters of cellulose and nitric acid (nitro-cellulose) are 
used for the manufacture of smokeless gunpowder, celluloid, various kinds of 
films (for photography and cinema) nitro-varnishes, etc. 

V The acetate esters of cellulose (cellulose acetates) are used to manufacture- 
non-inflammable photographic and cinema films, various transparent plastics 
and varnishes. 


Of great industrial importance is the production of artificial fibre * 
by the chemical treatment of cellulose. 


Three methods are used for the manufacture of artificial fibre from cellulose, 
namely, the viscose, acetate and copper-ammonia methods. 

‘To obtain fibre by the viscose method the cellulose is treated with sodium hy- 
droxide, and then with carbon bisulphide. The resulting orange mass, known as 
tanthogenate, is dissolved in a dilute solution of sodium hydroxide to form viscose. 
The latter is forced through special caps with minute apertures, called dies, 
into a precipitation bath consisting of an aqueous solution of sulphuric acid. 
Under the action of the sulphuric acid the viscose decomposes, splitting off 
sodium hydroxide and carbon bisulphide and forming threads of a somewhat 
DoE cellulose, known as cellulose hydrate. These threads are viscose or rayon 
fibres. 

The viscose method is the most widespread method for the manufacture of 
artificial fibres. It will suffice to mention that in 1954, 78.4 per cent of all the 
artificial and synthetic fibre:produced in the capitalist countries was obtained by 
this method. 

In the acetate method an acetone solution of acetyl cellulose is forced through 
dies into a current of warm air. The acetone evaporates, and the jets of solution 
change into fine threads of acetate fibre. In 1954 the share of acetate fibre in the 
total output of artificial and synthetic fibres in the capitalist countries was 
10.6 per cent. 

The least common method is the copper-ammonia method, which makes use 
of a characteristic property of cellulose, namely, its ability to dissolve in an 
ammonia, solution of cupric oxide [Cu(NHs;)4] (OH),. The cellulose is precipi- 


* Artificial fibre is fibre produced by the"chemical treatment of natural fibres 
(mainly cellulose), while synthetic fibre is the name given to tfibre, prepared from 
specially synthesized chemical materials. 


ATA Chapter XVII. The Carbon Group 


tated from this solution as cellulose hydrate by treating it with acids. The fibrous 
threads are obtained by forcing the copper-ammonia solution through dies into 
a precipitation bath. 


179. Amines, Aminoacids and Proteins. In molecular structure 
amines are derivatives of ammonia. They may be regarded as prod- 
ucts of the displacement of one, two, or all three hydrogen atoms 
in ammonia by hydrocarbon radicals. 

For the sake of comparison the formulas of ammonia and some 
amines are given below: 


Hn H H CH, 
{ | [ | 
:N—H :N— CH; :N— CH; Ee 
| | | 
H H CH, CH; 
ammonin methyl amine dimethyl amine trimethyl amine 


‘The resemblance in structure accounts for the resemblance in 
properties. Like ammonia, amines are capable of combining with 
protons, abstracting them from other molecules, for instance, from 
water or acid molecules: 


H H PY 
H—0~—H+ x HN—CH, OH 
= i 
methylammonium hydroxide 
H H + 


| | 
OHS £08, A] HEN CH C1 
I lH 


methylammonium chloride 


One of the most important amines, aniline CeH5NHs has been 
mentioned above (p. 461). 

Of great importance in natural processes are the aminoacids, the 
molecules of which contain aminogroups —NHs2 and carboxyl 
groups —COOH. 

An example of the simplest aminoacid is aminoacetic acid 
NH;—CH;—COOH. The structure of other natural aminoacids may 
be represented by the formula 


NH,— CH -— COOH 


| 
Rh 


where R is a hydrocarbon radical. 
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Aminoacids form as a result of the hydrolysis of proteins, ex- 
ceedingly complex organic compounds without which life is im- 
possible. 

The composition of proteins includes carbon, hydrogen, oxygen, 
nitrogen and frequently other elements as well, such as sulphur, 
phosphorus, iron. The molecular weights of proteins are very high, 
from 15,000 to several million. Proteins are contained in all the 
tissues of organisms, in the blood and in bones. All enzymes are com- 
plex proteins. Skin, hair, wool, feathers, horns, hoofs, claws—all 
consist of proteins. 

The problem of the structure and synthesis of proteins is not quite 
solved as yet. Very important investigations have been carried out 
in this field in the U.S.S.R. by Zelinsky and his pupils. 

It has been established at present that protein molecules consist 
of a large number of radicals of 25 to 30 different aminoacids, which 
in many proteins are linked as follows: 

by) }) CH 2 NH CH / 
fNon/ MENG | wn Neon S৫/ | NH 
Loa Jeb nl lh A 
R 0 Rh (0) 


Such is the structure, for instance, of silk proteins. 

‘The data obtained have made it possible to synthesize new sub- 
stances with links of the same kind as in proteins between the indi- 
vidual structural units of their molecules. 

It was thus that the synthetic polyamine fibres capron and nylon 
were obtained. These fibres are superior to natural silk in certain 
properties. 

(apron is a polycondensate of aminocapronic acid 


NH:—=CH,—CH,—CH,—CH,—CH,— COOH 


Part of the molecule of this substance is represented below: 
NH —(CH,):—CO— NH — (CH,)s— CO 


Nylon, or anide, is obtained by the condensation of dibasic adipic 
acid HOOC—(CHs»),—COOH and hexamethylenediamine NHs— 
—(CH2)s—NHs. 

‘The structure of the nylon molecule can be represented as follows: 


[=GO=(CH),=CO—NH —(0H),—NH=—]; 


The brief information on organic compounds given in this section 
reflects but a small fraction of the great achievements made by 
synthetic organic chemistry in the course of its development on the 
basis of Butlerov’s theory of chemical structure. 
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SILICON (Silicium); at. wt. 28.09 


Silicon is situated in the fourth group of the Periodic Table directly 
below carbon, and is a complete analogue of the latter. Like carbon 
silicon can both yield and accept electrons; but its capacity for 
gaining electrons, and therefore its non-metallic properties, arc 
somewhat less pronounced than those of carbon. The most typical 
compounds of silicon are those in which it is positively tetravalent. 

180. Silicon in Nature. Preparation and Properties of Silicon. Sili 
con is one of the most abundant elements in nature. It constitutes 
26 per cent of the part of the earth's crust accessible to investigation 
and occupies the second place among the elements in abundance. 

Silicon occurs in nature only in the form of compounds: as the 
oxide SiO», called silicon diozide or silica, and in the form of silici, 
acid salts. 

Just as carbon, a constituent of all organic substances, is th 
most important element in the animal and vegetable kingdoms, so 
is silicon the principal element in the kingdom of minerals and 
rocks forming the earth’s crust and consisting almost entirely ol 
silicon compounds. Besides the earth's crust, silicon compounds are 
found in the stems of certain plants (such as horsetails, cereals. 
etc.), in the shells of many infusorians and lower seaweeds, in the 
bodies of sponges, in birds’ feathers and in the fur of animals. 

Free silicon can be prepared both in the amorphous and in the 
crystalline form. 

Amorphous silicon is prepared by strongly heating magnesium with 
fine white sand of a chemical composition corresponding to almost 
pure silicon dioxide: 

Si0, + 2Mg = 2MgO + Si 

It has the appearance of a brown powder and a specific gravity 
of approximately 2.35. Amorphous silicon dissolves in molten met 
als. When cooled slowly, a solution of silicon in zinc or in alumin 
ium will deposit well-formed octahedral crystals of silicon having 
a specific gravity of 2.5. 

Crystalline silicon has a steely metallic lustre and conducts electric 
current perceptibly. Its boiling point is about 1,415° C. 

Silicon is used mainly in various alloys. Iron containing 4 per cent 
Silicon has a high magnetic permeability and is employed for the 
manufacture of electric transformers. Iron alloys rich in silicon are 
excellent acid-resistant materials. Of great importance are alloys 
of silicon with aluminium and copper. Silicon is used also for the 
reduction of some of the metals from their oxides. 

Lately silicon, alongside of germanium (see § 233), has found wide 
application in radio and electrical engineering for the manufacture 
of semi-conductor apparatuses. 
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Silicon is obtained commercially by reducing silicon dioxide 
SiO, with coal in electric furnaces: 


Si0, + 2C=5i + 2C0 


Silicon produced by this process always contains a certain amount 
of impurities. Much purer silicon can be obtained by reducing sili- 
con dioxide with aluminium or by reducing silicon tetrachloride 
SiCl, with zinc. Very pure silicon is produced by decomposing sili- 
con tetrachloride on a red-hot tantalum band. 

In chemical properties silicon (especially the crystalline modi- 
fication) is rather inactive; at ordinary temperatures it will 
combine directly only with fluorine. If heated, amorphous silicon 
combines readily with oxygen, the halogens, sulphur and many 
metals. 

Acids, with the exception of hydrofluoric, do not attack silicon, 
but the alkalis react with it vigorously, liberating hydrogen and 
forming salts of silicic acid: 


Si4+-2KOH 4+ H,0 = K,Si0,-- 2H, 


As silicon will displace hydrogen even from water in the presence 
of traces of alkali (which evidently acts as a catalyst), this reaction 
aay be represented as proceeding in two Steps: 


0 +IV 
Si + 3H,0 = H,Si0, + 2H, 
H,Si0,-- 2KOH = K,Si0, 4+-2H,0 


Adding up these equations we get the summary equation of the 
qeaction as written above. 

If a mixture of sand and coke in definite proportions is heated 
in an electric furnace, the result is silicon carbide SiC, commonly 
known as carborundum: 


Si0,4+ 30 =5iC + 2C0 


Pure carborundum is a colourless crystalline substance (specific 
gravity 3.2) close to diamond in hardness. The technical product is 
usually dark grey, due to impurities. 


The internal structure of carborundum is that of a diamond in which half 
the carbon atoms have been uniformly replaced by silicon atoms. Each carbon 
atom is in the centre of a tetrahedron with silicon atoms at its corners; in its 
turn, each silicon atom is surrounded in a similar manner by four carbon atoms. 
The covalent bonds linking all the atoms in this structure are very Strong, like 
in a diamond. That is why carborundum is so hard. 


Carborundum is prepared nowadays in large quantities. It is used 
to make grinding wheels and whetstones, and as a refractory material. 


418 Chapter XVII. The Carbon Group 


At a high temperature silicon unites with many metals forming 
silicides. For instance, if SiO; is heated with an excess of metallic 
magnesium, the reduced silicon unites with the magnesium to form 
magnesium silicide MgsSi: 


4Mg + Si0, = Mg:Si + 2MgO 


181. Compounds of Silicon with Hydrogen and the Halogens. If 
magnesium silicide MgsSi is treated with hydrochloric acid the 
result is silicon hydride SiH ;,, an analogue of methane: 


Mg:Si + 4HCl = 2Mg0l, 4 SIH, 


Silicon hydride SiH, is a colourless gas igniting spontaneously in 
the air and burning to form silicon dioxide and water: 


SiH, +20, =5i0, 4 2H,0 


Besides SiH ,, several more silicon hydrides, SisHs, SisgHs, etc., 
are known, under the generic name of silanes. Silanes are analogous 
to hydrocarbons, but are much less stable. Apparently, the bond 
between the silicon atoms is much weaker than that between carbon 
atoms, so that —Si—Si—Si—etc. chains are easily broken up. 
The bond between silicon and hydrogen is also unstable, showing 
that the non-metallic properties of silicon are much Weaker than 
those of carbon. 

Silicon tetrachloride SiCl, is prepared by heating a mixture of 
silica and coal in a stream of chlorine: 


Si0, 4-20 4-201, = SiC], 4 2C0 
Itisa liquid, boiling at 57° C. In water SiC], undergoes complete 
hydrolysis, forming silicic and hydrochloric acids: 
SiCl, 4-3H,0 = H,Si0, 4+ 4HCI 


When evaporated in moist air, SiCl, produces a thick smoke 
according to the above reaction. This property accounts for the use 
of silicon tetrachloride for smoke screens. 


Silicon tetrafluoride SiF, is produced by the action of hydrogen 
fluoride on silica: 


SiO, + AH F=SiF, 4-2H,0 
It is a colourless gas with a pungent odour. When cooled strongly 
it passes directly from the gaseous state into the solid. 
If silicon tetrafluoride is passed into water a solution of fluosilicic 
acid Hi,SiFs results: 
BSIF, +-3H,0 =2HSiF, 4} H,SiO, 


If the concentrated solution is cooled, crystals of the com OSition 
HoSiF,.2H 20 separate out. t 
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Fluosilicic acid HsSiFs is a strong acid. Its degree of ionization 
in 0.1 N solution is 75 per cent. Even at very low concentrations 
it is a powerful disinfectant. The salts of fluosilicic acid, known 
as {fluosilicates, are mostly soluble in water. Sodium and barium 
fluosilicates are widely used to kill agricultural pests. Sodium fluo- 
silicate is used also for the preparation of various enamels. Mag- 
nesium and zinc fluosilicates are employed to make cement water- 
proof. 

182. Silicon Dioxide or Silica SiO. The most characteristic and 
stable compound of silicon is silicon dioxide, usually known as 
silica. It is found both in the crys- 
talline and in the amorphous form. 

Crystalline silica occurs in nature 
mainly as the mineral quartz. 
Transparent colourless crystals of 
quartz having the form of hexa- 
gonal prisms with hexagonal pyra- 
mids on their ends are called rock 
crystal (Fig. 115). Rock crystal 
coloured violet by impurities is 
called amethyst, whereas if it is 
brownish it is known as smoky 
topaz. But more frequently quartz 
is found in the form of a compact ৰ 
semitransparent mass, colourless or Fig. 115. Rock crystals 
of various colours. One of the va- 
ielies of quartz is called flint. Agate and jasper are very finely 
crystalline varieties of quartz. Quartz also forms part of many comp- 
lex rocks, such as granite, gneiss, etc. 

Ordinary sand consists of tiny grains of quartz. Pure sand is white 
in colour, but more often it is coloured yellow or reddish by iron 
compounds. 

Crystalline silica is very hard, insoluble in water and melts only 
in the flame of detonating gas or in an electric furnace, turning into 
a colourless liquid. When this liquid cools, it solidifies into a trans- 
parent vitreous mass of amorphous silica, quite similar in appearance 
to ordinary glass. 

Amorphous silica is much less abundant in nature than the crys- 
talline modification. ‘The testae of some of the lower seaweeds are 
of amorphous silica. Accumulations of such testae form rather large 
deposits in some places and are known as tripoli (diatomite) or 
infusorian earth. Silicon can be prepared artificially as a white 
amorphous mobile powder by strongly heating silicic acid. 


The pronounced difference between the physical properties of silica and car- 
bon dioxide is due to the fact that the latter consists of separate CO, molecules, 
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while the former is a polymer (SiO). The structure of this polymer, for in- 
stance, the structure’of quartz, can be represented as follows: 


| 
0 (0) 0 
| 
0 dio Si o—lio 
| | | 
0 (0) (0) 
| 


Each silicon atom is in the centre of a tetrahedron with oxygen atoms at its 
corners; each of the oxygen atoms is in its turn connected with two atoms of 
Silicon. ‘To destroy a quartz crystal a large number of strong bonds between sil- 
icon and oxygen must be ruptured, which accounts for the great hardness of 
quartz, 


Silica is not attacked by acids, except hydrofluoric acid. The latter, 
as has been mentioned above, reacts readily with it, forming SiF, 
and water 

SiO, + 4HF =SiF, + 2H 0 


No other acid will act like this on the oxide of a typical non-metal. 

183. Silicic Acids’and,Their Salts. Silicon dioxide is an acid oxide, 
‘Corresponding to orthosilicic acid Hi,SiO,. This acid condenses very 
readily, forming high molecular metasilicic acid (H5Si0 3). In simpli- 
fied form the formula of metasilicic acid is written as H:25i0 3. The 
Salts of silicic acid are called silicates. 

Potassium and sodium silicates are prepared by fusing silica with 
the alkalis or carbonates of potassium and Sodium, as: 


Si0,--2NaOH = Na,Si0, 4- HO 
SiO, + K,COg= K,Si0, 4+- CO, 


The fusions formed are vitreous masses and, contrary to all the 
other silicates, are soluble in water. That is why potassium and so- 
dium silicates are known as soluble glass. 


The above ormulas of potassium and sodium silicates are simplified. Actually 
these silicates are of a variable composition, expressed by the generic formula 
R0. nSiO, where R stands for potassium or sodium. 


Aqueous solutions of soluble glass are called water glass and are 
used for the preparation of acidproof cement and concrete (see 
§ 186), for keroseneproof plasters on concrete, for impregnating 


fabrics, for preparing fireproof wood paints, for chemical Cconsolida- 
tion of weak soils. 
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The reaction between a solution of NasSi0s or K55Si0; and hydro- 
chloric or sulphuric acid results in free metasilicic acid, which, de- 
pending on the concentration of the initial Solutions, either falls out 
of solution, as a jelly-like precipitate (in some cases the entire 
liquid turns into a jelly) or remains in solution in the colloidal state 
(see § 188). 

The reaction of formation of silicic acid may be expressed by the 
following equation: 


Na,Si0, + 2HClI= H.Si0,-+ 2NaCl 


The jelly-like precipitate of silicic acid falling out of the solution 
contains an immense amount of water which can be removed by 
heating. However, no definite acid of a composition expressible by 
a formula is obtained: the precipitate gradually loses water until 
it is finally converted, when calcined, into pure anhydrous silicon 
dioxide. It is assumed that silicon dioxide forms many silicic acids, 
dilfering, like the phosphoric acids, in water content. The fact that 
they exist is borne out by the great number of salts corresponding 
to the following acids: H:5i05(Si02--Hs20), H,Si0;,(Si024-2H 20), 
Hi,5i508(3Si0 24 2H 20), ete. 

The composition of the silicic acids may be expressed by the ge- 
neric formula: ‘mSi0z2-nHs0, where m and n are whole numbers. 
Acids in which m> 1 are known as polysilicic acids. 

Up to the present date the existence of three acids has been estab- 
lished beyond doubt, namely, orthosilicic H SiO, metasilicic HsSi0 a, 
or rather (Hs2Si03),, and bimetasilicic (HsSi20;),. When silicic acid 
is formed in any reaction, its composition is usually expressed by 
the simplified formula of metasilicic acid H,Si0s. 

If the greater part of the water is removed from a jelly-like precipi- 
late of silicic acid (without, however, completely dehydrating it), 
a solid white slightly translucent mass results, having numerous 
very tiny pores and possessing an immense adsorptive capacity. 
This product is known as silica gel. It is prepared in great quantities 
in industry and is widely used for absorbing various vapours and 
gases, for purifying mineral oils, as a catalyst in many reactions, 
etc. Silica gel is used also as a base for catalysts in the production 
of sulphuric acid by the contact method. 

Silicic acid is a very weak acid and therefore NasSiO s and K SiO s 
are greatly hydrolyzed in solution and react alkaline. 

The salts of silicic acid, silicates, are very abundant in nature. 
As has already been said, the earth’s crust consists mainly of silica 
and different kinds of silicates. The natural silicates include feldspars, 
micas, clays, asbestos, talc and many other minerals. .Silicates are 
Composite parts of a large number of rocks, such as granite, gneiss, 
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basalt, various schists, etc. Many precious stones, such as emerald, 
topaz, aquamarine, are well-formed crystals of natural silicates. 

The composition of natural silicates is, in the majority of Cases, 
expressed by rather complex formulas. Owing to the complexity of 
these formulas, and to the fact that the existence of the corresponding 
polysilicic acids has not been proved, they are conventionally written 
somewhat differently than the formulas of ordinary salts. 

Any salt of an oxyacid may be regarded as a compound of an 
acid and a basic oxide (or even two basic oxides, if it isa double 
salt). For instance, CaCO may be regarded as a compound of CaO 
and COs, Als(SO;)s, as a compound of Als0 ; and 3803, etc. On these 
grounds the composition of silicates is usually expressed by writing 
the formulas of silicon dioxide and all the oxides forming the silicate 
separately, without combining them into a single salt formula. 

The formulas of some of the natural silicates are given below: 


Kaolin Al,0,.25i0,-2H,0, or H,Al,Si,0, 
White mica K,0.3Al,0,-65i0,-2H,0, or HAK,AlsSisO24 
Asbestos Ca0.$MgO-4Si0,, or CaMgsSi,0,2 


The most widely dispersed silicates in nature are the so-called 
alumosilicates, i.e., those containing aluminium. The most important 
of them are the feldspars. 

Besides silicon and aluminium oxides, feldspars contain also oxides 
of potassium, sodium or calcium. Ordinary feldspar, orthoclase, con- 
tains potassium oxide; its composition is expressed by the formula 
K20.Al,0.6Si02. The most common colour of feldspars is white 
Or red. They are found both as compact deposits and as composite 
parts of complex rocks. 

Alumosilicates include also the quite commonly known minerals 
called micas, distinguished by their ability to split into thin flexible 
flakes or sheets. The composition of micas are very complex; besides 
silicon and aluminium, they contain hydrogen, potassium or sodium; 
Some micas contain also calcium, magnesium and iron. Ordinary 
white mica, which, due to its refractory properties, is frequently 
used in the form of large transparent sheets to cover apertures in 
yarious furnaces, is a silicate of potassium and aluminium. Micas 
high in iron and magnesium are black in colour. Micas do not occur 
very often in separate deposits, but are composite parts of very many 
complex rocks. Some of the most abundant complex rocks, granites 
and gneisses, consist of minute crystals of quartz, feldspar and mica. 

On coming into contact with the atmosphere and being subjected to 
the mechanical and chemical action of water and air, minerals and 
rocks on the earth's surface are gradually altered and broken down. 
Such destruction caused by the combined action of water and air 
is called erosion. Of special importance is the erosion of feldspars, 
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for instance, orthoclase. Water containing carbon dioxide erodes 
orthoclase by leaching out K20, the latter combining with COs to 
form potash K2C0s3; part of the SiO» is also leached out, and the 
remainder combines with water, forming a new silicate, kaolin, which 
is a composite part of various clays. 

The decomposition of orthoclase may be expressed by the following 
equation: 


K,0- Al,0s-6Si02-+- CO + nH,0 = KC0,; 4-4Si0,.mH 0 +- Al0,-28i0,.2H,0 


Micas decompose similarly to feldspars, but more slowly. 

The process of erosion of feldspars and other alumosilicates into 
kaolin is called kaolinization. As feldspars are very abundant, immense 
quantities of clay are formed in nature as a result of their decom- 
position. 

Pure kaolin with minor impurities of quartz sand is found Ccompara- 
tively rarely. It is white in colour and is valued as a material for the 
preparation of porcelain. There are rich deposits of kaolin in many 
parts of the Soviet Union, especially in the South. The best kaolin 
comes from the deposits of the Glukhov District, Ukrainian 5.S.R. 
Ordinary clay is a mixture of kaolin and other substances, which 
account for its yellowish-brown or bluish colour. Some types of clays. 
intensely coloured by iron oxides, are used as mineral paints (ochre, 
etc.). 

Silicon compounds play an important part in the national economy. 
Silica and the natural silicates serve as raw materials for the manu- 
facture of glass, ceramics, porcelain, majolica, building and binding 
materials. All these industries constitute a large branch of the nation- 
al economy, known as the silicate industry. 

184. Glass. If mixtures of many silicates (with each other or with 
silica) are heated, they form transparent amorphous fusions, called 
glasses. 

The chief property of any glass, which is of great importance for the 
manufacture of glassware, is that the molten glass does not solidify 
immediately upon cooling, but thickens gradually, becoming viscous 
and finally changing into a solid, homogeneous, transparent mass. 

Many other properties of glass depend largely on its composition. 
By changing not only the composite parts of glass, but their relative 
proportions as well, glasses of a wide range of properties can be 
Obtained, 

Ordinary window glass, as well as the glass in most of the glassware 
used for domestic purposes (bottles, tumblers, etc.), consists mainly 
of sodium and potassium silicates, fused with silica. The composition 
Of such glass is expressed approximately by the formula Nas0 ‘CaO. 
‘6Si02. The raw materials for its manufacture are, however, not the 
silicates themselves, but white sand, soda and lime or chalk. A 
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mixtlure of these substances is fused in regenerative furnaces heated 
usually by producer gas. When they are melted, the following reac- 
tions ensue: 

CaCO, + Si0,= CaSi0, + CO, 

Na,C0, 4 Si0,= Na,Si0,-- CO, 


Sodium sulphate and coal are often used instead of soda. The coal 
reduces the NasSO;, to NasSOz, which reacts with the Sand, forming 
Na sSi0 : 

2Na,S0, 4-250, 4- C= 2Na,Si0, 4- 250, 4- CO, 


Glassware is manufactured by blowing, casting, pressing and draw- 
ing. Not so very long ago glassware used to be blown only by lung 
Power, and its manufacture was a very laborious job. Today the 
glass industry is considerably mechanized. There are machines which 
manufacture the simplest glass articles (such as bottles) mechanical- 
ly, and other machines for the direct production of sheet glass by 
drawing an endless glass sheet from the viscous vitreous mass. 


If potash is employed instead of soda in glass-making, refractory glass results. 
‘The latter is used for manufacturing special kinds of chemical glassware capable 
of withstanding more intense heating than ordinary glassware. 

Tf silica is fused with potash and plumbic oxide, a right heavy glass is ob- 
tained, known as crystal glass and containing potassium and lead silicates. 
Such glass possesses high refractive properties and acquires a bright lustre when 
ৰ it is used to make optical glasses and decorative dishes. 

Substitution of the parclen of silica by boron oxide B,0; (see § 228) greatly 
influences the properties of glass. The addition of boron oxide increases the hard- 
ness of the glass, makes it more resistant to chemicals and less sensitive to 
abrupt changes of tem perature. This glass is used to prepare high-quality chemical 
Blassware. 


The sand used in manufacturing ordinary glass often contains iron 
compounds as impurities, which impart a greenish tint to the glass. 
‘To prevent the formation of this tint, minute quantities of selenium 
are added to the fusion, this causing a pink colour. Pink and green 
are complementary colours and together give white. Manganese diox- 
ide causes a similar effect. 

Sometimes various substances are added to the glass fusion pur- 
posely to obtain coloured glasses. Thus, for instance, chromic oxide 
Cr20s gives glass a green colour; manganese dioxide, a reddish- 
purple colour; cobaltous oxide, a blue colour, etc. In most cases the 
colour of the glass depends on the formation of Coloured silicates 
(of iron, manganese, cobalt, etc.). But sometimes it is due to the 
fact that the substance added is present in the glass in the form of Very 
finely divided particles. Thus, if a Very small quantity of gold is 
added to glass, it acquires a ruby-red colour, due to the presence 
of minute particles of gold, invisible even under the microscope, 
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which form when the melted glass is cooled slowly. Ruby glasses 
lransmit only red rays and are therefore used in photography wherever 
red illumination is required. 


I'he manufacture of coloured glass in Russia was founded by M. Lomonosov 
who developed and put into practice a method of producing coloured glass, 
beads, bugles, mosaic smalt and a number of other substances. The famous mosaic 
pictures by Lomonosov which have come down to us, are made up of thousands 
of Liny pieces of variously coloured glass (smalt) prepared according to his re- 
cipes. For the manufacture of coloured glass Lomonosov built a Small glass 
factory near Petersburg in 1753. This was the first plant in Russia which manu- 
fuctured, besides the above named articles, also variously coloured glassware 
and various minor fancy glass articles (cuff buttons, snuffboxes, cane heads, 
etc). Somewhat later coloured glass and coloured crystal were manufactured 
according to Lomonosov'’s recipes at the state glass factory in Petersburg. 


Class is usually considered insoluble in water. However, if ordinary 
Sodium glass is subjected to the action of water for a long time, the 
latter extracts part of the sodium silicate from it. If, for instance, 
Powdered glass is shaken with water and then several drops of phenol- 
phihalein are added, the liquid turns definitely red, Showing an al- 
kaline reaction (due to hydrolysis of the Na 2Si0 3). 

Besides the above brands of glass, which are mostly fusions of 
various silicates and silica, another very important type of glass 
is that manufactured directly from quartz by melting in an electric 
furnace. 

Quartz glass has many advantages over ordinary glass. Since the 
inelting point of quartz is around 1,500° C, quartz glass can be sub- 
jected to high temperatures without fear of its softening. Quartz glass 
transmits ultra-violet rays, which ordinary glass does not. A very val- 
uable quality of quartz glass is its exceedingly small coefficient of 
expansion. This means that heating or cooling hardly changes the 
volume of quartz glass. That is why articles made of it can be heated 
strongly and then immersed quickly in cold water without shattering. 

Quartz glass is used for the manufacture of laboratory apparatus 
(crucibles, evaporating dishes, flasks, etc.) and in the chemical in- 
dustry. In lighting engineering, quartz glass is used for the manufac- 
ture of electric mercury lamps, which emit light high in ultra-violet 
rays. Mercury lamps are employed in medicine, for scientific purposes 
and especially in filming motion pictures. The disadvantages otf 
quartz glass, accounting for its rather limited use, are difficulty of 
Working, brittleness and high cost. 

Ordinary glass does not transmit ultra-violet rays owing to the 
iron oxides contained in it, especially Fes03. This shortcoming of 
glass can be eliminated by using pure raw materials for its manu- 
facture. Glass prepared in this way is called uviol glass. Tt transmits 
ultra-violet rays almost as well as quartz glass, but is much cheaper 
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and easier to work. The Fes0 3 content in this glass does not exceed 
0.02 to 0.08 per cent. Uviol glass is used in medicine for ultra-violet 
raying and in some cases for the manufacture of window glass. 

Glass manufacture is one of the largest branches of the silicate 
industry. 

Molten glass can be drawn through dies into fibres 2 to 10Dp in 
diameter, and is then known as fibre glass. Fibre glass is not brittle 
like ordinary glass and possesses high tensile strength. Fabrics made 
of this fibre are non-flammable, conduct neither heat nor electric 
current, are poor conductors of sound and chemically inactive. 

‘The valuable properties of materials made of fibre glass warrant 
their wide use in various branches of technology, especially in elec- 
trical engineering. Of great importance in this connection are the 
availability and cheapness of the chief raw materials and the simple 
technology of production of this type of glass. 

Fibre glass mixed with various synthetic resins gives new types of 
building materials, known as glass fibre laminates. They are three or 
four times lighter than steel but are just as strong, which makes them 
eligible as substitutes both for metal and for wood in mechanical 
engineering, construction work, etc. Glass fibre laminates are widely 
used for the manufacture of automobile and aircraft parts. A striking 
illustration of the importance of glass fibre laminates in modern 
engineering is the fact that in the course of twelve years (from 1938 
to 1954) the output of these materials in the U.S.A. increased about 
sixtyfold. 


185. Ceramics. Ceramics include various wares made of clay. The ceramic 
industry manufacturing these wares embraces the production of brick, tiles, 
refractories, earthenware pottery and pipes (crude ceramics), as well as the man 
ufacture of chinaware (fine ceramics). All these industries are based on the 
ability of clay when mixed with water to form a putty which after baking turns 

+ Into a hard porous mass that will not soften in water. To increase the mechanical 
strength of the wares, various substances are added to the clay, the most impor- 
tant of which are quartz and feldspar. 

Ceramic objects are shaped from the wet clay either mechanically or by hand 
on potter's wheels, then dried in the air or in special driers and baked in kilns. 
During the last named operation the water with which the clay was mixed and 
the water contained in the clay itself is driven off. Asa result, the clay becomes 
porous, shrinks a little and turns into aluminium silicate 3Al,0* 2510. 

Crude ceramic ware such as bricks, drainage pipes, tiles, flower OLS, etc., 
are manufactured at brick factories. These wares are made of low-quality clays, 
baked at comparatively low temperatures (not over 1,000° C), are porous and 
capable of absorbing large amounts of water. Ordinary pottery is manufactured 
in the same way. To make the RoE Waterproof it is glazed, for which purpose 
common salt is thrown into the baking kiln; its Vapours react with part of the 
silica in the wares. As a result of this Process the pots become coated with a glass- 
like layer of fusible silicate. 

Finer ceramic wares and majolica are made of the purest iron-free grades of 
clay and are baked at a higher temperature. The glaze is applied by coating the 
baked objects, or bisques, as they are called, with fusible mixtures, which may 
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consist of various substances (feldspar, boric acid, stannic oxide, etc.) and then 
reheating them in a kiln. 

Porcelain wares are shaped from pure elutriated kaolin mixed with an approx- 
imately equal quantity of quartz and feldspar. The objects are baked at a high 
temperature (about 1,200° C). After the first Poking the bisques are immersed in 
a gruel of finely ground feldspar and water, where they become coated with a 
layer of feldspar, and are then put back into the kiln. The bisques are baked 
at about 1,400° C, whereupon the feldspar in the glaze and in the bulk of the 
bisques melts and almost completely fills their pores. The resulting chinaware 
is translucent and has a dense, lustrous glaze. 

Porcelain was invented in China in ancient times, but the secret of its produc- 
tion remained unknown for a long time. Porcelain was first obtained in Russia 
in the XVIII century by D. Vinogradov. Thanks to the persistent, painstaking 
work of Vinogradov, who, together with Lomonosov, carried out a great number 
of experiments on the preparation of porcelain mixtures, the porcelain he pro- 
“duced was not inferior to the Chinese. 


186. Cement. One of the most important materials produced by the 
silicate industry is cement, employed in enormous quantities in all 
kinds of construction work. 


Fig. 116. Rotary cement kiln 


Cement is prepared by roasting clay together with limestone until 
they cake. For this purpose the clay and limestone are first thoroughly 
mixed, dry or wet, and then strongly heated. When the cement mix- 
lure is roasted, the calcium carbonate decomposes into carbon dioxide 
and calcium oxide, which reacts with the clay, forming calcium sili- 
cates and aluminates. In the latter, aluminium oxide plays the part 
of a weak acidic oxide. 

The cement mixture is roasted in special cylindrical rotary kilns. 
A kiln of this kind (Fig. 116) is a large tube made of thick sheet 
steel, 40 to 150 m. long, and 2.5 to 3.5 m. in diameter, slightly in- 
clined and lined on the inside with refractory materials. The cement 
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mixture is added at the higher end of the furnace and burning coal 
dust or atomized heavy fuel oil is blown into the lower. Due to the 
incline and the slow rotation of the kiln, the mixture travels slowly 
towards the flame and the lower end of the furnace, from which it 
emerges in the form of tiny grains called cement clinker. The clinker 
is ground to a fine greyish-green powder and marketed under the name 
of silicate cement (otherwise called Portland cement). 

The cement mixture is usually prepared artificially from limestone 
and clay. But nature has provided lime-clay rocks called martls, 
Which correspond exactly in composition to the cement mixture. 
Deposits of marls used for the production of cement are found, for 
instance, in the mountains Surrounding Novorossiisk. 


The chemical composition of cements is usually expressed as percentages of 
the oxides they contain, the most important of these being CaO, Al,0y, Si0s 
and Fe,0s. The weight ratio between calcium oxide and the other three oxides 
is called the hydraulic module of the cement and characterizes its technical prop- 
erties. By Way of illustration, the average content of the chief composite parts 
in Various grades of silicate cement is given below (in per cent): 


CuO... B2 ROO Eee 2B 
SIO TE IME MoO. [54 OG 
NOES LAM ADESSO Tie bt 4B 


It has recently been established that silicate cement has the following min- 
eralogical composition: tricalcium Silicate 3Ca0.SiO,, dicalcium silicate 
2Ca0.SiOz, tricalcium aluminate 3CaO0.Al,03 and tetracalcium alumoferrite 
4Ca0 . Al,0s - Fea0s. 

When mixed with water silicate cement forms a Plastic mass which hardens 
after some time. Its transition from the plastic to the solid state is called “set- 
ting”. 

According to present-day theories the cement hardens in three steps. The 
first step consists in the interaction between the Surface layers of the cement 
particles and the water according to the equation 


3010. Si0, + nH,O0 =2Ca0.Si0;.2H,0 4- Ca (OH) + (n—3) H,0 


The calcium hydroxide, contained as a saturated solution in the plastic 
cement, begins to Separate out in the amorphous state and, Surrounding the 


When cement is used as a binding material it is usually mixed with 
Several parts by weight of sand. A mixture of cement, sand and water 
is called mortar. 

Cement is one of the most important building materials in modern 
engineering. Asit is inert towards waterit is absolutely irreplaceable 
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in all port and submarine structures, for the construction of dams, 
for the erection of buildings in damp places, etc. 

If mortar is mixed with gravel, crushed rock, etc., we get concrete. 
Concrete is very widely used to build vaults, arches, bridges, cisterns, 
tanks, residential houses, etc. Structures made of concrete based on 
iron beams and rods are called reinforced concrete structures. 

The continuously growing demands of the national economy for 
building materials led to a considerable growth of the cement industry 
in the Soviet Union. In 1955, 22.5 million tons of cement were pro- 
duced in the U.S.S.R., and by 1960 the cement output was 55 mil- 
lion tons. 

Other types of cement besides silicate cement are also manufactured 
in the U.S.S.R. 

Alumina cement is prepared by fusing a finely pulverized mixture 
of bauxite (natural aluminium oxide) and limestone. The mixture 
is fused in vertical or special electric kilns. Alumina cement contains 
a smaller percentage of CaO, but more Al0 3, than silicate cement. 
Its approximate composition is 40 per cent CaO, 10 per cent SiO; 
and 50 per cent Al20 3. The chief compounds constituting this cement 
are various calcium aluminates. Alumina cement hardens much more 
rapidly than silicate cement. Besides, it resists sea water more effec- 
tively. As alumina cement is much more expensive than sili- 
cate cement, it is used for construction purposes only in special 
CAUSES. 

Acid-resistant cement is a mixture of finely ground quartz sand and 
all “active” silica substance possessing a highly developed surface. 
The latter is usually either chemically treated tripoli or artificially 
produced silicon dioxide. When sodium silicate solution is added to 
this mixture it becomes plastic and hardens subsequently into a 
stable mass resisting all acids except hydrofluoric. 

Acid-resistant cement is used mainly as a binder when lining: 
chemical apparatuses with acid-resistant tiles. In some apparatuses 
deficient lead is replaced by acid-resistant cement. 

187. Silico-Organic Compounds. There has long been known a 
considerable number of various silicon compounds in which the sili- 
con atoms are combined with carbon atoms. These compounds are 
known as silico-organic compounds. 

For a long time silico-organic compounds were of no practical 
importance. 

In 1936 the Soviet scientist K. Andrianov developed a method 
of synthesis of high molecular silico-organic compounds which now 
forms the basis of the industrial method for the preparation of a 
number of products possessing very valuable properties. 

K. Andrianov synthesized esters of derivatives of orthosilicic acid 
Si(OH), in which one, two, or three hydroxyl groups were replaced 
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by hydrocarbon radicals. For example: 


CH, CH, 
CH, 0_CH, CHU L0LCH, 
dn, b-on, 
0=CH, 
CH,—Si—0—CH, 
0_on, 


Hydrolysis of these esters should have resulted in the corresponding 
hydroxyl-containing silicon compounds, but they immediately con- 
dense, splitting off water molecules and forming polycondensates. 
For instance, the substances resulting from the hydrolysis of a mixture 
of (CHs)sSi(OCHs)s and (CHs)sSiOCH; may condense further 
according to the following equation: 


CH, SE i 
OH, gto c EME DEES RE . 

| leh 0 SI—O{H + HO! 

CH; CH, CH, 


CH, GH; '' “CHS CH; 


| | | | 
+ CH,—~Si —0—5i—-0—5i—-0—35i—CH,+3H,0 


| | 
CH, OH POR PGES 


. Tf condensation proceeds to a minor degree (so that the molecules 
contain about ten atoms of silicon) the resulting liquids can be used 
as lubricants. Their valuable Properties are: insignificant change 
in viscosity over a wide range of temperatures and chemical Stability 
with respect to metals. Compared to ordinary lubricants, which are 
mixtures of saturated hydrocarbons, they are much more stable 
against high temperatures. 

Tf condensation is more extensive the resulting substances are of 
a resinous nature. Such resins are very heat resistant owing to the 
high strength of their Si—0O bond, and are excellent dielectrics. 
They are used for insulating electric conductors in cases where ordi- 
nary insulation is unsuitable due to high temperatures. Rubber-like 
inaterials can be obtained on the basis of Silico-organic resins, which 
retain their elasticity at temperatures from —60 to +200° C and do 
not break down even at 300° C. 
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COLLOIDS 


188. Crystalline and Colloid States of Substances. If a solution of 
sodium silicate is added to concentrated hydrochloric acid, the re- 
sulting silicic acid does not separate out as precipitate but remains 
in solution together with the sodium chloride formed during the 
reaction. 

The hydrochloric acid and sodium chloride can be removed from 
the solution in the following way. The solution is placed in a bottom- 
less cylinder with a membrane of parchment paper or an animal blad- 
der bound over its end. The cylinder is submerged in a wider vessel 
containing water which is continuously renewed (Fig. 117). The 
sodium chloride and hydrochloric 
ucid diffuse freely through the 
membrane into the outer vessel, but 
the silicic acid cannot penetrate the 
membrane and remains in solution. 
“As a’ result, the cylinder will be 
found after some time to contain a 
pure solution of silicic acid. 

The method of separating dis- 
solved substances based on the fact Fig. 117. Dialyzer 
that one of them will not diffuse 
through a membrane, is known as dialysis, and the apparatus 
described is called a dialyzer. | 

Many other dissolved substances, besides silicic acid, viz., glue, 
gelatine, egg albumen, etc., cannot penetrate a membrane of parch- 
ment paper or bladder. 

In the sixties of the last century the diffusion of dissolved substances 
through vegetable and animal membranes was studied in detail by 
the English chemist Graham. EE 

Graham found that all substances capable of diffusing in solution 
are crystalline in the solid state. On the contrary, substances which 
could not diffuse through membranes were found to be amorphous, 
and formed shapeless (and to a certain degree plastic) masses when 
isolated from solution. On this basis Graham called the former crys- 
talloids and the latter colloids (from the Greek “colla”— glue). 

However, as early as 1869, the Russian botanist I. Borshchov put 
forth the assumption that the particles of certain colloids may also 
be of crystalline structure. Further investigations confirmed this 
assumption and led to the conclusion that Graham's division of sub- 
stances into crystalloids and colloids should be rejected, as not only 
Such typical colloids as albumen could be obtained in the form of 
crystals, but many indisputable crystalloids, such as common salt, 
could be obtained in the form of colloids. 
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Finally, it was proved that the same substance could behave like 
4 colloid in some solvents and like a crystalloid in others. For instance, 
ordinary soap dissolved in water dilfuses very slowly and cannot 
penetrate a membrane, showing it to be a colloid; but in alcohol 
Solution the same soap possesses the properties of a crystalloid. 

Thus, the sharp demarcation line between crystalloids and colloids 
gradually disappeared, and at present we can speak only of the 
crystalloid or colloid states of Substances, just as we have spoken 
above of their solid and liquid states. 

The colloid ‘state of substances plays a very important part not 
only in chemistry, but also in biology, medicine, technology and 
agriculture, and therefore we shall dwell on it in Some detail. 

189. Dispersed Systems. Ifa fine powder of any insoluble substance, 
Say clay, is shaken with water, the larger particles will soon settle at 
the bottom while the finest will remain in a “suspended” state in 
the water for a considerable length of time,.so that the liquid may 
remain turbid sometimes for weeks. Liquids with particles of a solid 
Substance suspended in them are called Suspensions. 

lf minute drops of a liquid are suspended in another liquid the sys- 
tem is called an emulsion. An emulsion can easily be obtained by 
Shaking an oil Vigorously with water in the presence of substances 
capable of lowering the surface tension of the oil. Ordinary milk is 


an emulsion of minute drops of butter fat in water (see Fig. 1, p. 15). " | 


Particles suspended in liquids can be separated from them by 
filtration. Ordinary filter paper will detain particles down to 5 LW, 
i.e., 0.005 mm., in diameter, specially prepared filter paper down 
to 1 Lh, while clay filters detain particles as small as 0.2 p. 

As long as particles above 0.1 Lt in diameter are present in a liquid, 
it will not seem quite transparent, and the suspended particles can 
be detected in a drop of the liquid with the aid of an ordinary micro- 
Sco pe. 

A substance can be divided artificially into such tiny particles, 
that the liquid containing them will seem quite transparent and ho- 
mogeneous, although actually it is not homogeneous. For instance, 
if we dip two silver wires into distilled water, connect them to a suf- 
ficiently powerful source of electric current (Fig. 118) and bring 
their ends together under the Water, an electric arc will be struck and 
a brownish cloud will appear. Soon the entire liquid will turn brown, 


tion possible in an Ordinary microscope, but their presence can be 
revealed by means of the So-called Tyndall effect. 
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The Tyndall effect may be explained as follows. If a beam of con- 
verging rays, say, from a projection lantern, is passed through a 
liquid containing minute particles in suspension, each of these par- 
Licles scatters the light rays that fall on it, becoming, in a sense, a 


j 


Fig. 118. Diagram of appa- Fig. 119. Tyndall cone 
ratus for preparation of 
colloidal solution of silver 


Iuminous point. Thus, the entire path of the rays through the liquid 
becomes visible, having the appearance of a bright cone, if viewed 
in a darkened room. 

The Tyndall effect is the underlying principle of the instrument 
known as the ultra-microscope; with this instrument, particles less 


Fig. 120. Diagram of ultra-microscope 


than 0.1 u in diameter, and invisible under an ordinary microscope, 


‘Can be detected in a liquid. The difference between an ultra-microscope 


(Fig. 120) and an ordinary one is that in the former the light falls 
laterally on the liquid under study, instead of from below. If the liq- 
uid is perfectly homogeneous, all the fields of vision will appear 
dark, as no light rays enter the tube of the microscope. But if the 
liquid contains minute suspended particles, say, silver particles 
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formed by an electric arc, the rays scattered by them come to the ob- 
server's eye and the dark background will appear studded with lumi- 
nous specks in continuous motion (Brownian movement). 

If the particles are much less than 0.1 u in size, they may be dif- 
ficult to discern even with an ultra-microscope, but the beam of 
rays passing through the liquid will still be observed. Finally, if 
the particles are as small as 1 mp, the light scattering becomes so 
insignificant that this phenomenon also disappears and the liquid 
appears quite homogeneous or, as we say, “optically void.” Such, 
for instance, are ordinary solutions of various substances. 

Any system in which one substance is finely divided and distributed 
as more or less minute particles through another substance is called 
a dispersed system; the divided substance is known as the dispersed 
phase of the system while the substance around it is called the dis- 
persion medium. For instance, in the case of a suspension of clay 
in water, the dispersed phase consists of the clay particles, while the 
dispersion medium is water, 

ispersed systems, as we have seen, may have different degrees 
of dispersion. Suspensions and emulsions are classed as coarsely 
dispersed systems, as the particles of their dispersed phases are 
comparatively large. On the other hand, ordinary solutions are 
systems with very high, one may say ultimate, degrees of dispersion. 
as the distributed substance is broken down into molecules and/or 
ions, In this limit case there is no dispersed phase to speak of, as 
the entire solution is one single phase. An intermediate position is 
occupied by dispersed systems, in which the size of the dispersed 
particles is larger than in ordinary solutions, but still so small that 
they are discernible Si with the aid of an ultra-microscope. Such 
Systems are called colloidal solutions or sols. 

A close study of colloidal solutions shows that no sharp boundary 
can be drawn between such solutions and ordinary, or, as they are 
called, “true” solutions, on the one hand, and suspensions or emul- 
sions, on the other. Therefore, the division of dispersed systems with 
liquid dispersion media into the three above classes is rather conven- 
tional. The demarcation line between these classes is determined ap- 
proximately by the limits of visibility with an ordinary microscope 
and with an ultra-microscope. 

Suspensions and emulsions contain particles visible under an or- 
dinary microscope. Their size exceeds 100 mp (0.1 pu). The hetero- 
geneity of such a system can be detected by the naked eye. 

Colloidal solutions. Size of dispersed particles between 100 and Imp. 

particles are discernible only under the ultra-microscope; they 
pass unhindered through the pores of ordinary filters, but can be 
detained by membranes of parchment paper, bull bladder or special 
“ultra-filters.” In transmitted light colloidal solutions appear quite 
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transparent and homogeneous, in reflected light—slightly turbid, 
especially if the size of their particles is close to 100 mh. 

Modern electron microscopes, which give magnifications of tens 
and hundreds of thousands of times, enable not only detection of 
colloidal particles, but determination of their size and shape as well. 


Fig. 121. Silver sol (magnification 18,000X) 


Fig. 121 shows a silver sol photographed with the aid of an electron 
microscope. 

True solutions. Size of dispersed particles below 1 mp. Such parti- 
cles cannot be detected by optical means. 

If we arrange liquid dispersed systems in order of increasing dis- 
persity of the solid or liquid particles they contain, we get the fol- 
lowing series: 


Suspensions and emulsion Colloidal solutions True solutions 
100 mt 1 mp 


Increasing degree of dispersity 


Fig. 122 gives a good idea of the relative particle size in different 
dispersed systems. 

190. Composition of Colloidal Particles. Thus, the difference between 
colloidal and true solutions is that the dispersed particles in the 
former are much larger. In true solutions the dispersed particles are 
molecules or ions of the solute, while in colloidal solutions the par- 
ticles are evidently whole aggregates consisting of numerous mole- 
cules. An idea of the size of these aggregates (of the number of mole- 
cules forming them) can be had by determining the relative weight 
of colloidal particles. For instance, the relative weights of the soap 
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Another condensation method is that of the production of metal 
Sols with the aid of an electric arc. A Study of this phenomenon showed 
that when the arc is struck the metal is converted directly to the 
8aseous form, where it is divided into separate atoms; the colloidal 
Particles of the metal form as a result of condensation of its Vapour. 

192. Stability of Colloidal Solutions. Like the molecules of true 
Solutions, the colloid particles of sols are in a state of Continuous un- 
orderly movement (Brownian movement). Although the intensity of 
this movement falls rapidly as the particle size increases, in the case 
of colloidal solutions it is still high enough to counteract gravity and 
to keep the colloid particles from settling to the bottom, as in the 
Case of coarse suspensions. It would seem that as the Brownian move- 
ment leads to incessant collisions between the colloid particles, it 
Should inevitably result in their combining into larger aggregates 
and precipitating, thus breaking up the sol. But this is not so; colloi- 
dal systems are quite stable and in Many cases are capable of standing 
for years without undergoing any visible change. Obviously, they 
Are under the action of some forces which hinder particle growth and 
destruction of the sols. These forces are the electric charges on the 
colloid particles. 

If two electrodes connected to the poles of a current source of 
sufficiently high voltage are dipped into a colloidal Solution, the 
colloid particles begin to migrate slowly towards the anode or the 
cathode. This phenomenon, discovered as far back as 1809 by Pro- 
fessor F. Reiss of the Moscow University, is known as electropho- 
resis, i.e., electrical transfer of Particles. The movement of the colloid 
particles under the influence of Current shows that they carry a 
definite electrical charge. The particles of metal hydroxides, many 
Organic paints, haemoglobin, etc., are positively charged; negative 


formed by the action of hydrogen Sulphide on an Hs3AsOs solution 
adsorb HS’ ions from the solution and turn into large negatively 
charged anions, the composition of Which can be represented by the 


following conventional formula: 
{AsS.] ,- 50S} 


Of course, charged colloid particles 
the latter contains at the same time ions 
Counter-ions. In this case the Counter; 


Can exist in solution only if 
Of the opposite charge, called 
Ons are hydrogen ions. 
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A system consisting of a charged colloidal particle and the ions 
neutralizing it is known as a micelle. Tts structure is shown in Fig.123. 
The micelle of arsenic trisulphide can be represented as follows: 


{As S,] n-2HS’} + 2H 


When a current is passed through the solution, the negatively 
charged ions of the micelles are drawn towards the anode, where they 
deposit gradually as yellow arsenic 
lrisulphide. Careful analysis always 
detects a certain excess of sulphur 
in this deposit relative to the for- 
mula AssS3. At the same time hyd- 
rogen is observed to be liberated at © 
the cathode. 

Other colloid particles become 
charged in a way similar to that © 
described for arsenic trisulphide 
particles. For instance, a gold solu- 
tion obtained by dispersing metallic 
gold in water contains the colloidal 
anions {[Aul,:zOH’}, formed as a 
result of adsorption of hydroxyl টি 
ions from the water; a colloidal so- + GHs'ion  O@hH'ion 
lution of ferric hydroxide obtained Fig. 123. Structure of AssS, 
by hydrolysis of ferric chloride micelle 
contains the colloidal cations 
{[Fe(OH)s],, -zFeO'} or {[Fe(OH)s],-zFe*}, ete. 

The capacity of colloid particles for adsorbing ions accounts for the 
stability of colloidal solutions. The adsorbed ions impart like elect- 
rical charges to the particles, keeping them from approaching each 
other and clustering into larger aggregates. Besides, the charged col- 
loid particles and their counter-ions may be highly solvated in so- 
lution, which also impedes close contact and cohesion of the 
particles. § 

The mechanism of formation of colloidal solutions during chemical 
reactions may be pictured as follows. 

The molecules of the insoluble substance, say Fe(OH)s, produced as 
& result of a reaction, immediately begin to cluster into larger and 
larger particles. Usually the growth of these particles is very rapid 
(practically almost instantaneous) and results in precipitation. But 
under suitable conditions the particles begin at a definite stage of 
their growth to adsorb the ions contained in the solution, as a result 
of which they acquire a definite charge. The appearance of the charge 
on the particles checks or greatly retards their further growth and 
they remain in the liquid, forming a colloidal solution. 


32° 
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193. Coagulation. Since the stability of colloidal solutions is due 
to the presence of electrical charges and solvate shells on the colloid 
particles, any factor causing such charges to decrease or disappear 
must obviously decrease the stability of colloidal solutions, promot- 
ing cohesion otf their particles and the formation of larger aggregates. 
This process of growth of colloidal particles is known as coagulation 
or curdling. It takes place very slowly in any colloidal solution. 
When the particles reach a certain size, rapid precipitation or sedi- 
mentation sets in. 

‘The chief method of accelerating coagulation is by adding small 
quantities of various electrolytes to the colloidal solution. The intro- 
duction of an electrolyte into the solution greatly increases the total 
concentration of ions in it, creating favourable conditions for the 
charged colloid particles to absorb ions of the opposite sign. Thus, 
the initial charge of the particles decreases or is neutralized altogeth- 
er, after which rapid coagulation of the sol sets in. 

Take, for instance, a colloidal solution of arsenic trisulphide AssS3, 
a transparent light yellow liquid, and add some hydrochloric acid or 
Some salt solution to it; coagulation begins immediately, and arsenic 
trisulphide separates out of the liquid in a form of yellow precipitate. 
Coagulation can be caused in other colloidal solutions in a similar 
Way. 

Not only the particles contained in colloidal solutions, but also the 
coarser particles of suspensions, are always charged. Therefore, the 
addition of electrolytes to suspensions promotes rapid precipitation. 
The formation of deltas at the mouths of rivers as they fall into the 
sea may be attributed to the precipitation of suspended clay and sand 
particles due to the river water mixing with the salt sea water. 

Coagulation can be brought about not only by electrolytes but also 
by other colloids with opposite charges on their particles. For in- 
stance, if a solution of arsenic trisulphide is mixed with a solution of 
ferric hydroxide, a precipitate immediately appears, although no 
chemical reaction has taken place between the two substances: the 
positively and negatively charged particles neutralize each other's 
charges, leading to mutual coagulation of the colloids. The same 
phenomenon can often be observed when variously coloured inks 
are mixed, these inks usually being colloidal solutions of organic 
dyes. If one of the dyes is positively charged and the other negatively, 
mixing them will cause the formation of a flaky precipitate and the 
liquid above it becomes colourless. 

The coagulation of colloids by one another has found a very impor- 
tant use in the purification of drinking water. The settling tanks and 
Sand and coke filters used for the purification of river water before it 
is delivered to the water mains cannot detain particles of the fine 
suspensions and colloids contained in large quantities in any natural 
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waters. In most cases these particles are negatively charged. To 
coagulate them a positively charged sol of aluminium hydroxide 
Al(OH) is used. In practice this is done as follows: a precaleulated 
quantity of aluminium sulphate is added to the water in the settling 
tank. Part of it reacts with the calcium and magnesium carbonates 
in the water, forming aluminium carbonate which is immediately 
completely hydrolyzed. Another part is directly hydrolyzed by water. 
The result is an aluminium hydroxide sol which coagulates the col- 
loids contained in the water, forming a precipitate that cannot pass 
through the filter. 

Although adding electrolytes is the chief means of coagulating 
sols, it is not the only one. Many sols coagulate when heated. Heat- 
ing increases the velocity of the colloid particles and at the same time 
decreases the adsorption of ions and therefore the charges on the 
colloid particles, promoting the formation of clusters where they 
collide. For instance, if a sol of arsenic trisulphide is heated to boiling, 
a yellow precipitate of AssSs falls out immediately. The setting of 
egg albumen when heated, the turning of milk, etc., are commonly 
known facts. Finally, all methods of concentrating sols (evaporation 
or freezing out of the solvent, etc.) also lead to coagulation. 

194. Lyophilic and Lyophobic Colloids. The precipitates formed by 
the coagulation of colloids may be of various structures. Some colloids 
form jelly-like precipitates, retaining immense quantities of the sol- 
vent, others precipitate in the form of powders or flakes which hardly 
carry any solvent with them at all. 

On this basis, the former are called lyophilic colloids and the latter 
lyophobie.* In particular, when the solvent is water, the colloids may 
be hydrophilic or hydrophobic. Hydrophilic colloids include proteins, 
glue, starch, silicic acid and generally high-molecular compounds; 
hydrophobic colloids include metallic colloids, metal sulphides, 
various salts, etc. The hydroxides of metals occupy a somewhat 
intermediate position between these two classes. 

The difference between lyophilic and lyophobic colloids is mani- 
fested in many respects. 

1) Sols of lyophilic colloids are much more viscous than the pure 
solvent, whereas the viscosity of sols of lyophobic colloids hardly 
differs from that of the pure solvent. 

2) The coagulation of lyophilic colloids is, as a rule (but not al- 
ways), a reversible process. The precipitate of a lyophilic colloid 
will pass back into the sol if the cause of coagulation is removed. On 
the contrary, a precipitate formed by a lyophobic colloid will 
not usually redissolve if treated with a new portion of the 
solvent. 


* From the Greek Iyo—TI dissolve, phileo—lI love, and phobos—fear. 


502 Chapter XVII. The Carbon Group 


3) Sols of lyophilic colloids are much more stable than those of lyo- 
phobic colloids. Whereas the latter coagulate in the presence of very 
small quantities of electrolytes, coagulation of lyophilic colloids re- 
quires the addition of considerable quantities of electrolytes. In this 
case the process is usually called salting out. An example of the latter 
is the salting out of soap from its colloidal solution in water. 

‘The high stability of the sols of lyophilic colloids is due to their 
ability to solvate. The influence of solvation on the stability of the 
lyophobic colloids is comparatively small and is manifested chiefly 
in solvatation of their counter-ions. In lyophilic colloids, on the other 
hand, the entire particle is solvated, due, probably, not simply to 
electrostatic attraction of the dispersion medium molecules, but to a 
more profound interaction between them and the disperison medium, 
as in the case of a molecular solution. Thus, the particles of a lyophilic 
colloid are surrounded by a dense solvate shell which keeps them from 
clustering. To cause coagulation, these solvate shells must be removed, 
which is done by adding large amounts of electrolytes. The ions of the 
latter themselves become solvated, abstracting the solvent molecules 
from the particles of the colloid, and thus cause its coagulation. The 
solvate shell can be destroyed also by other means. For instance, 
8 glue sol can be coagulated by adding alcohol to it, as the latter 
also binds water molecules. In general, it should be noted that the 
main stability factor of lyophobic colloids is the charge on their 
particles, while that of lyophilic colloids is Solvatation. 

It is noteworthy that easily coagulated sols of lyophobic colloids 
can be made very stable with respect to electrolytes by adding a small 
quantity of some lyophilic colloid, say, gelatine, gum arabic, etc. 
A similar “protective influence” is displayed by lyophilic colloids 
Over suspensions, their presence greatly retarding the settling of the 
Suspended particles. 

The important phenomenon of “colloidal protection” can be illus- 
trated by the following experiment. 

Pour some dilute hydrochloric acid into two test tubes and add 
a little gelatine solution to one of them. Then add some silver nitrate 
solution to both test tubes and shake them well. In the test tube 
not containing gelatine characteristic curd-like flakes of silver chloride 
form after shaking; in the other test tube the entire liquid becomes 
turbid, but no precipitate falls out. Owing to the presence of the 
gelatine, the minute particles of silver chloride do not cluster into 
flakes, but remain in solution in the form of a very fine Suspension. 

This principle is utilized in the preparation of photographic bromo- 
Eelatine plates, the gelatine layer of which contains a very fine sus- 
pension of silver bromide. 

The mechanism of colloid protection consists apparently in the 
fact that the lyophilic colloid coats th¢ particles of the lyophobic 
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colloid, protecting them from the penetration of ions and the formation 
of clusters. 

195. Formation of Jellies. The sols of many lyophilic colloids are 
capable, under certain conditions, of coagulating in such a way 
that the entire sol is converted into a rather dense mass called a 
jelly or gel. This process is called jellification or gelatination. A com- 
monly known example is that of gelatine, a two or three per cent 
solution of which in warm water turns after some time into a rather 
thick jelly. When heated the jelly again 
becomes a sol. 

Similar jellies are formed by colloidal 
solutions of silicic acid, with the only 
difference that in this case coagulation is 
irreversible. 

According to present-day views, jellies are 
formed by high-molecular compounds, the mo- 
locules of which are capable of uniting into long 
chains or threads. These threads intertangle to 
form an intricate space lattice or screen (jell 
skeleton), the cells of which are filled wit 
liquid (Fie. 124). This structure accounts for 
the jelly having the properties of a solid. The 
cohesion of the particles in the lattice may be so 
weak that it is sometimes sufficient to shake the WN 
jelly for its structure to break down and a sol 
to form. 


It is obvious that jellification of the Fig, 124. Schematic struc- 
enlire sol requires a sufficient concentra- ture of a jelly 
tion of the colloid, as it must bind the 
entire amount of solvent present. In this respect jelly-forming col- 
loids differ greatly from one another. Thus, gelatine will form a 
jelly at a concentration of 1 to 1.5 per cent, agar-agar, at a con- 
centration of only 0.25 per cent, while other colloids require high- 
er concentrations. 

Jellification depends greatly on the temperature. For instance, 
a10 per cent gelatine jelly, which is quite solid at room tem- 
perature, liquefies rapidly if heated to 40 or 50° C, passing into 
a sol. 

The consistence of a jelly depends greatly on the amount of solvent 
contained in it. For instance, a silicic acid jelly containing 94 to 97 
per cent water has the appearance of a jelly and quivers if shaken; 
if it contains 90 to 92 per cent water it can be cut with a knife. A jelly 
containing 75 per cent water is breakable. 

Jellies may undergo profound changes in time, decreasing in volume 
and separating out their liquid. This phenomenon is called syneresis 
and is observed during many processes of everyday life. A well-known 


a 
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example of syneresis is the curdling of sour milk to form curds and 
whey. 

When dried, some jellies change little in Volume, their skeleton 
remaining intact, but become harder and harder until they turn 
entirely into a brittle mass which can easily be ground to a powder. 
Such jellies usually contain numerous pores and, like charcoal, are 
excellent adsorbents. These include the dried jelly of silicic acid, 
called silica gel (see § 183). Other Jellies, such as those of gelatine, 
Various proteins, rubbers, etc., on the contrary, contract greatly 
When dried but are afterwards still capable of bending without break- 
ing. Such jellies are referred to as elastic jellies. 

A remarkable peculiarity of elastic jellies is their ability to swell, 
i.e., absorb liquid, greatly increasing in volume and exerting high 
pressures. Sometimes the liquid can be imbibed by the jelly only 
to a certain limit, after which swelling ceases (for instance Wood). 
In other cases (such as glue or gelatine in hot Water) the jelly continues 
to swell indefinitely and finally passes into a sol. 

Investigation of the Properties of substance in the colloidal state is 
of immense practical importance. Colloids are encountered in various 
branches of industry and technology. Such are the leather, rubber, 
textile, soap, glass, photographic, and ceramic industries, the pro- 
duction of artificial fibres, plastics, etc. In many of these industries 
colloid chemical investigations have led to considerable progress in 
technological processes. 


CHAPTER XVII 


General Properties of Metals 


We shall begin our discussion of the metals by examining their 
general properties and the methods by which they are obtained from 
their natural compounds, and shall then pass over to a survey of the 
individual metals in the order of their arrangement by groups in the 
Periodic Table. 

196. Physical Properties of Metals. One of the most commonly 
known characteristic features of metals is their peculiar “metallic” 
lustre, which is due to their high capacity for reflecting light rays. 
However, the lustre of a metal can usually be observed only when 
it is in the form of a compact mass. True, magnesium and aluminium 
retain their lustre even in powder form, but most metals are black 
or dark grey when pulverized. Besides, typical metals are good 
conductors of heat and electricity, their order in both of these capac- 
ities being the same: the best conductors are silver and copper and 
the worst, lead and mercury. With rising temperature the electrical 
conductivity of metals decreases, and vice versa. 

A very important property of metals is their relatively easy mechan- 
ical deformability. Metals are plastic, they can be readily forged, 
drawn into wire, rolled into Sheets, etc. 

The characteristic physical properties of metals are related to the 
peculiarities of their internal structure. According to present-day 
Views, the crystals of metals consist of positively charged ions and 
free electrons, split away from the corresponding atoms. The crystal 
as a whole can be pictured as a space lattice with ions at its points 
and mobile electrons in the interstices between them. These electrons 
keep constantly passing from atom to atom and moving about the 
nucleus now of one, now of another atom. As the electrons are not 
bound up with any definite ions, a very small difference of potentials 
is sufficient to make them move in a definite direction, thus giving 
rise to electric current. Thus, the high electrical conductivity of metals 
is due to the presence of free electrons (“electron gas”) in them. 
Hit is taken into account that the ions at the points of the lattice 
are not absolutely immobile either, but are capable of minor oscil- 
lations, the reason for the decrease in electrical conductivity due to 
heating will be readily understood. As the temperature rises, the 


506 Chapter XVIII. General Properties of Metals 


oscillatory motion of the ions increases, impeding the motion of 
electrons between them. 

The presence of free electrons accounts also for the high thermal 
conductivity of metals. In continuous motion, the electrons keep 
constantly colliding with the ions and exchanging energy with them. 
Therefore, the more intense oscillation of the ions in any heated 
portion of the metal is immediately transmitted to the adjacent 
ions, from them to the next, and so on, rapidly equalizing the thermal 
state of the metal, until at length the entire mass of the metal acquires 
the same temperature. 

The above conception of metals being built up of positive ions and 
free electrons agrees also with the types of crystal lattices found in 


Fig. 125. Cube of Fig. 126. Prism of 
densely packed spheres densely packed spheres 


metals. Contrary to salts, where the points of the lattice are occupied 
alternately by anions and cations, the lattices of metals are made up 
of identical positive ions. Since the electrons, owing to their insigni- 
ficant size, require very little space, the metal ions are usually arranged 
according to one of the types of densest packing of equal diameter 
spheres. There are only two such types. In one the spheres occupy 
the corners of cubes and the centres of their faces, as shown in 
Fig. 125. Such is the structure of the crystals of silver, gold, rho- 
dium, platinum, nickel, aluminium, lead, and iron. The other type 
of densest sphere packing is shown in Fig. 126. Such is the arrangement 
of the ions in the crystals of beryllium, magnesium, zinc, cadmium, 
osmium, titanium and others. 

The packing is of the same denseness in both Cases, i. e., the same 
volume is taken up by a given number of spheres. Each sphere is 
Surrounded by twelve others. Hence the coordination number of such 
lattices is 12. 

The plasticity of metals is also directly related to their internal 
Structure, which permits ready slippage of the ion layers with respect 
to one another under the influence of external forces. Some alloys 
which, like metals, have face-centred cubic lattices, are also highly 
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plastic (brass, bronze). However, when addition of the alloying metal 
disturbs the structural homogeneity of the principal metal, the 
resulting alloy is hard and brittle. 

Repeated displacement of the ionic layers of a metal due to mechan- 
ical treatment disturbs the arrangement of its ions; the metal 
becomes amorphous, as it were; its plasticity decreases and its hard- 
ness increases. However, plasticity can be restored to a mechanically 
treated metal (for instance, a drawn iron Wire) by “annealing,” i. e., 
heating to a temperature at which it regains its crystalline structure. 

Metals are conventionally divided according to specific gravity 
into two large groups: light metals, the Specific gravity of which 
does not exceed 5, and heavy metals—all the rest. The specific 
gravities and melting points of some of the metals are given in 
Table 26. The data in this table show that all the metals, except 
mercury, are solids at ordinary temperatures. The light metals are 
generally the more fusible. Among the heavy metals, on the contrary, 
there are many very refractory ones. The lowest melting point after 
mercury is that of caesium (28° C) and the highest is that of tungsten 
(3,380°°0); 

The boiling points of metals are Very high in the majority of cases. 
For instance, copper boils at 2,595° C, iron at 2,740° C, platinum at 
about 4,400° C. 

The vapours of metals are monatomic. 

197. Chemical Properties of Metals. The chief chemical property 
of metals is the ability of their atoms to part readily with their 
valency electrons and form positively charged ions. Typical metals 
never gain electrons; their ions are charged only positively. That is 
why metals are referred to as “electropositive” elements in contra- 
distinction to non-metals, which are termed “electronegative” and 
are characterized rather by their capacity for gaining electrons. 

Typical metals part readily with their valency electrons in chem- 
ical reactions and are thus Powerful reducing agents. 

The capacity for yielding electrons is by no means equal in different 
metals, The more easily a metal yields electrons, the more active it 
is and the more vigorously it will react with other substances. 

Various reactions can serve for a comparative study of the activity 
of metals. Especially convenient for this purpose is the displacement 
of metals from their salts by other metals. For instance, drop a piece 
of 7inc into a solution of some lead salt. The zine will begin to dissolve, 
While lead will deposit from the solution. The reaction may be 
expressed by the equation 


Zn + Pb (NO), = Pb-+ Zn (NO), 
the ionic equivalent of which is 
Zn + Pb-: = Pb + Zn-: 


508 Chapter XVIII. General Properties of Metals 


It can be seen from the equation that this reaction is a typical 
oxidation-reduction reaction. It consists, essentially, in the zinc 
atoms yielding their valency electrons to Pb‘* ions, themselves 
becoming Zn'' ions, while Pb: ions are discharged and deposit 
as metallic lead. If the reverse is tried, i. e., a piece of lead is dropped 


Table 26 
Specific Gravities and Melting Points of Some Metals 
Name Atomic weight | Specific gravity | Metin Point, 
Light metals 
LIED waa (rae 6.940 0.53 186 
Potassium a... 39.100 0.86 69 
NORAD 3-0) ns soo tg 22.991 0.97 97.7 
Elon hE = 40.08 1.54 851 
Magnesium 24,32 1.74 651 
Caesium 132.91 1.9 28 
Aluminium 26.98 2.50 660.1 
CO i es BT 0 Ce Sag AS Aoden 137.36 3.5 704 
Heavy metals 
Chromium . 52.01 7.14 1,800 
ESI CPE IT 65.38 7.14 4195 
TRE ARISCL AU 118.70 7.30 
Manganese . . 54.94 7.4 
HED SDL 3 55.85 7.87 
CAdMIGMVETT 112.41 8.65 
NICER MAG BTL 58.69 8.9 
CODE BEN OE; 63.54 8.9 
BISA . . 2d 209.00 9.8 
BUY Me 40 107.880 10.49 
Heda AP, A 207.21 11.34 
Meret yn One os 200.61 13.55 
Pusgptenl eid 189.92 19.3 
Gold Atal 14 197.0 19.3 1,063 
Platina att, 195.23 21.45 1,769 
Usmitm tvs tele; 190.2 22.6 2,700 


into a solution of a zinc salt, no reaction will occur. This Shows that 
zinc is more active than lead, that its atoms yield electrons more 
Sn and its ions gain them less readily than the atoms and ions 
of lead. 


EN RE RE EE CUE 
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By comparing the activities of lead and copper in a similar manner, 
it can easily be found that lead is more active than copper, as it 
displaces the latter from its salts, while copper cannot displace lead: 


Pb + Cu: = Cu+ Pb: 


‘Therefore, of the three metals compared above, namely, zinc, 
lead and copper, the most active, the one that parts most readily 
wilh its electrons, is zinc; lead is less active and copper still less 
active. 

The displacement of metals by one another from their compounds 
was studied in detail by N. Beketov (1865) who arranged the metals 
in order of decreasing chemical activity in the so-called “displacement 
Series.” At present Beketov’s displacement series is known as the 
electromotive force series, as the position of each metal in this series 
can be determined exactly by the magnitude of the electromotive 
force or difference of potentials which arises if the metal is dipped 
into a solution of its salt. Methods of measuring these values and 
their importance will be dealt with a little later. 

The electromotive force series for the most important metals; 
given once already in § 69, is as follows: 


Decreasing chemical activity of neutral atoms 


K, Na, Ca, Mg, Al, Mn, Zn, Fe, Ni, Sn, Pb, H,, Cu, Hg, Ag, Au 


Decreasing capacity of ions for gaining electrons 


This series includes hydrogen, as it is also capable of displacing 
Some of the metals from solutions of their salts and is, in its turn, 
displaced by many metals from acid solutions. 


of salt 


Fig. 127. Tube for experiments in 
displacing metals by hydrogen 
under pressure 


To determine the position of hydrogen in the “displacement series,” 
Beketov carried out the following experiments. 

A solution of a metal salt, an acid and some zinc were placed 
Separately in the arms of a bent glass tube (Fig. 127). The tube was 
then sealed and inclined so that the zinc fell into the acid and the 
hydrogen thus liberated acted under pressure on the salt solution. 
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By observing the arm with the salt solution, Beketov could judge 
whether the metal was displaced by the hydrogen or not. On the 
basis of these experiments he came to the conclusion that hydrogen 
should follow lead in the “displacement series” and that it is capable 
of displacing (reducing) the metals below it, namely: copper, mer- 
cury, silver and gold, from solutions of their salts. 

Beketov was certain that the displacement of hydrogen by metals 
Was a reversible reaction and that there must exist a pressure for 
each metal at which the reaction would reverse its direction, i. e., 
where the hydrogen would begin to displace the metal from a solu- 
tion of its salt. 

Beketov's views were fully confirmed at a later date. 

Consider, for instance, the displacement of hydrogen by zinc: 


Zn + 2H Zn +H, 
The equilibrium constant of this reaction is: 


[Zn] "PH, 
Sn ERIE, 
where the concentration of hydrogen may be substituted by its pres- 
sure Py, in atmospheres, Calculation shows that at ordinary tem- 
peratures K=36X 10%. Hence, the pressure of hydrogen required to 
make the reverse reaction, i. e., the displacement of zinc by hydrogen, 
perceptible, is not attainable at the present level of technique. At 
ordinary pressures the equilibrium of the reaction is practically 
displaced completely to the right. 
However, in the case of the reaction 


En+-2H- Z Sn: +H, 
the equilibrium constant 


Therefore equilibrium could be attained, say, with the con- 
centrations: [Sn"J|=1 gram-ion/].,[H-]=0.01 Eram-ion/l. and with 
‘a pressure of hydrogen Py,=4 atm. Hence, hydrogen is capable 
of displacing tin from solutions of its salts at a comparatively low 
pressure. 

‘The electromotive force (e.m.f.) series provides many general 
hints as to the chemical behaviour of the individual metals during 
reactions taking place in solution: 

1. Each metal of the series, as well as hydrogen under pressure, 
will displace (reduce) all the metals after (below) it, from solutions 


Of their salts. In its turn it will be displaced (reduced) itself by a 
of the metals before (above) it. ! ' hn 
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2. Only the metals before (above) hydrogen in the e.m.f. series 
can displace it from dilute acids (“hydrogen salts”). Metals to the 
right of (below) hydrogen are incapable of displacing hydrogen from 
acids. 

J. The farther to the left (the higher up) a metal is in the e.m.f. 


series, the more active it is, the greater its reducing capacity with 
respect to ions of other metals, the easier it turns into ions itself 
and the more difficult its ions are to reduce. 

198. Galvanic Cells. The displacement of metals by one another 
from solutions of their salts is the underlying principle of most gal- 
vanic cells, i.e., devices for changing chemical energy into electrical. 
Apart from their importance as sources of electric current, these 


devices are of interest to us at this juncture inasmuch as by measuring 
the electromotive force of each metal we can characterize its activity 
quantitatively and thus establish its relative position in the e.m.f. 
series. In order to understand this question better we must first 
become acquainted with the structure and operation of galvanic 
cells. 

If a metal is submerged in a solution of a salt of another metal, 
Say, a zinc plate in a solution of Pb(NO;)s, electrons will begin to 
pass from the zinc atoms to the lead ions owing to the direct contact 
belween the two. The chemical energy liberated during the reaction 
is in this case transformed into thermal energy. However, the inter- 
action can be accomplished between the zinc and the lead salt out 
of contact with one another, the only necessary condition for this 
being the possibility of electrons passing from the zinc to the lead 
IONS. 

Pour some Zn(NO;)» solution into one beaker and some Pb(NO 3): 
solution into another. Dip a zinc plate into the first and a lead plate 
into the second (the latter only plays the part of a conductor, and 
may therefore be replaced by a graphite rod). The solutions in 
the beakers are connected by means of an inverted U-tube, filled 
with a solution of some electrolyte, say K NOs; (Fig. 128). Now, if 
the plates are connected with a metal wire an electric current will 
immediately arise, its direction indicating that the electrons are 
moving from the zinc to the lead salt solution. At the same time, 
the zinc begins to dissolve, while lead is deposited on the lead plate. 

The purpose of the U-tube is to provide a free passage-way for the 
salt ions from solution to solution; otherwise the zinc salt solution 
would become positively charged as a result of the Zn°** ions passing 
into it from the plate, while the lead salt solution, from which 
Pb'* ions are being removed, would acquire a negative charge. 
These charges would impede the movement of electrons from the zinc 
to the lead salt, and the reaction would cease. Obviously, as the re- 
action proceeds, the negative ions move towards the zinc and the 
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positive towards the lead, maintaining electrical equilibrium in the 
solutions. 

‘Thus, under the conditions set up in the above experiment, the 
reaction caused earlier by simply dipping a piece of zinc into a solution 
of a lead salt, now occurs remotely. The only difference is that in 
the first case the electrons could pass from the zinc atoms to the 
Pb'* ions when the latter collided with the zinc surface, so that 
the motion of the electrons was of an unorderly nature and the energy 
released during the reaction changed into thermal energy. In the 


Fig. 128. Apparatus for remote Fig. 129. Copper-zinc 
reaction i = zinc and lead cell 
salt 


latter case, however, by eliminating direct contact between the zinc 
and the lead salt solution the electrons were forced to travel some 
distance through a wire to reach the lead ions, so that the unorderly 
movement of the electrons was replaced by a more or less intense 
flow of electrons, known as electric current. 

The apparatus just described is a galvanic cell, in which the chemi- 
cal energy of an oxidation-reduction reaction is transformed into 
electrical energy. Its negative pole is the zinc and its positive, the 
lead electrode. At the negative electrode zinc is oxidized: 


Zn—2e" = 7n": 
at the positive, lead ions are reduced: 

Pb 4-2e- = Pb 
Adding up these two equations we get the total equation of the 
reaction taking place in the cell: 

Zn + Pb = Pb Zn 
OF, in the molecular form, 
Zn + Pb (NO,), = Zn (NO), 4 Pb 
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Uther galvanic cells are of a design similar to that described. 
‘Their negative electrode is always the more active metal, which 
yields its electrons to ions of the less active metal, transforming 
them into neutral atoms. In the course of operation of the cell the 
negative electrode gradually disappears, its substance passing into 
solution as ions. 

Fig. 129 shows the copper-zinc cell familiar to most readers from 
the course of physics. This cell consists of a copper and a zinc plate 
immersed in solutions of the corresponding sulphates. The zinc sul- 
phate solution is contained in a porous clay cylinder inserted in a 
glass jar holding the copper sulphate solution. The porous partition 
keeps the solutions from mixing, but at the same time allows the 
ions to pass freely from solution to solution when current is tapped 
from the cell. When the cell is working the following reaction takes 
place: 

Zn + Cu" = Cu + Zn" 


Sometimes the displacement of hydrogen from an acid by zinc 
is utilized in galvanic cells: Zn4-2H:=Zn"* Hs. 

The first galvanic element, invented by the Italian physicist Volta, 
consisted of a zinc and a copper plate dipped into a solution of sul- 
phuric acid. If the plates of such an element are connected by means 
of a conductor, the electrons travel through it from the zinc to the 
copper, and from the latter are transferred to the hydrogen ions 
in solution, which are thus discharged. That is why hydrogen is 
liberated at the copper plate and not at the zinc. 

199. Mechanism of Current Induction in Galvanic Cells. Electrode 
Potentials of Metals. Several theories have been suggested to explain 
the induction of current in galvanic cells. The simplest was suggested 
by the German physicist Nernst (1888) and later elaborated by the 
Russian Academician L. Pisarzhevsky on the basis of the conceptions 
according to which metals are built up of positively charged ions 
and free electrons. 


Lev Vladimirovich Pisarzhevsky was born in 1874 in the town of Kishinev. 

After graduating the Natural Science Department of the Novorossiisk Uni- 
versity (in Odessa) L. Pisarzhevsky was asked to stay on at the University and 
later accept professorship. In 1902 he got his Master's Degree and in 1913 was 
appointed Professor of the Yekaterinoslav Mining Institute (in Dnepropetrovsk). 
In 1930 Pisarzhevsky was elected Member of the Academy of Sciences of the 
U.S.S.R. 
A great scientist and brilliant teacher, Pisarzhevysky made bold use of the 
achievements of physics for the study and explanation of chemical processes. 
His most important works were devoted to investigations of peroxides and pera- 
cids, to the development of the theory of solutions, to the application of the elec- 
tron theory to chemistry and the development of the theory of current induo- 
tion in galvanic cells. 


33_881 


Lev Vladimirovich Pisarzhevsky 
(1874-1938) 


The theory of current induction is essentially as follows. If any 
metal is dipped into water, its ions begin to pass into solution, being 
attracted by the polar water molecules. This leaves an excess of 
electrons in the metal, which thus becomes negatively charged, while 
the solution hecomes positively charged. However, the number of ions 
passing into solution from the metal, as experiment shows, is very 
small. The negative charge arising on the metal as the ions leave it, 
attracts those ions back again, so that very soon a state of equilib- 
rium is set up, where the number of ions leaving the metal per unit 
time equals the number of ions returning to it: 


metal Z metal ions 
(in solution) 


The ions which have passed into solution are not distributed evenly 
through the bulk of the solution, but remain near the surface of the 
negatively charged metal, attracted by the latter and forming a double 
electric layer (Fig. 130). As a result, a difference of potentials arises 
between the metal and the solution. 

Now, suppose some salt of the metal submerged is added to the 
Water. The increase in concentration of metal ions in the solution 
will disturb the equilibrium between them and the metal, and part 
of the ions will pass back into the metal. Therefore, the metal should 
send less ions into a solution of its salt than it does into pure water; 
moreover, the higher the concentration of the ions in solution, the 
less of them the metal will emit. If the concentration of the salt is 
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high enough, ions may not pass at all from the metal into the solu- 
tion, so that neither the metal, nor the solution will be charged. 

Finally, if the concentration of the metal ions in solution is high 
enough and the activity of the metal is comparatively low, the metal 
will not only fail to send ions into the solution but, on the contrary, 
some of the ions will pass from the solution into the metal. This will 
also result in a difference of potentials being established between 
the metal and the solution, but now the solu- 
tion will be charged negatively due to the 
excess of negative ions from the salt, while 
the metal will be charged positively. In prac- 
tice, some metals (the more active) are al- 
ways charged negatively in solutions of their 
salts, while others (the less active) are charged 
positively. 

It should be noted that when a metal is 
dipped into a solution of its salt, the quantity of 
ions passing into solution or deposited from 
solution is often so small that they cannot be 
detected by chemical means. However, the 
charge is large enough to create a measurable 
dilference of potentials. 

The theory described above gives a very 
simple explanation of the mechanism of action 


of galvanic cells. Consider, for instance, a cop- Fig. 450: Rouble 
per-zinc cell (Fig. 129 on p. 512). In this cell a AGO TAT) 


negative charge arises on the zinc plate sub- 
merged in the ZnSO, solution and a positive charge on the cop- 
per submerged in the CuSO, solution. If the metals are not 
connected to one another by a conductor, the appearance of these 
charges, as we have seen above, should immediately check any further 
passage of zinc ions into solution and deposition of copper ions from 
solution. But if the plates are connected with a wire, the electrons 
accumulating on the zinc will flow continuously towards the copper 
Plate where there is a shortage of them. Thus, the zinc is able to send 
more and more Zn:- ions into the solution, while Cu'* ions continue 
to be discharged at the copper plate and to deposit as metallic copper. 
This process continues until all the zinc is dissolved or the copper salt 
is used up completely. 4 

In galvanic cells, the electrode which is used up during the ope- 
ration of the cell by emitting ions into the solutionis called the 
anode, and the electrode at which the positive ions are discharged is 
called the cathode. ) 

A galvanic cell can be made of any two metals dipped into solutions 
of their salts. There is no necessity at all for one of the metals to 
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become negatively charged and the other positively. The only condi- 
tion for the passage of electrons from one charged body to another is 
the existence of difference of potentials between them. But the latter 
should arise, no matter which metals we take, as the capacity for 
splitting off electrons and passing into ions is different in all metals. 
If, for instance, the galvanic cell is made of zinc and iron dipped in 
normal solutions of their salts, both metals will be negatively charged 
in their solutions, but nevertheless, a definite difference of po- 
tentials will arise between them. If the metals are connected with a 
conductor, the electrons will pass from the zinc, the more active 
metal, to the iron. The zinc will dissolve and the iron will deposit 
from solution. The reaction taking place in the cell can be represented 
by the equation 


Zn + Fe** = Fe 4 Zn*- 


‘The difference of potentials arising between a metal and the solu- 
tion of its salt is called the electrode potential of the metal and can 
serve as a measure of its capacity for yielding electrons or, which is the 
Same, a measure of its chemical activity during reactions taking 
place in solution. Therefore, if the potentials of all the metals with 
equal concentrations of their ions were measured, the activities of all 
the metals could be characterized quantitatively. 

Unfortunately, direct measurement of these values is very dif- 
ficult and does not give exact results. This will be clear if it is re- 
membered that a voltmeter, for instance, cannot be connected to the 
solution without dipping a metallic conductor into it. But this gives 
rise to a difference of potentials between the conductor and the so- 
lution, so that the e.m.f. shown by the voltmeter will depend on two 
differences of potentials, namely, on the difference of potentials 
between the metal in question and the solution of its salt and that 
between the metallic conductor and the solution. 

It is much easier to measure the difference of potentials (difference 
of electron pressures) between two different metallic electrodes dipped 
into solutions of their corresponding salts, i.e., to find out how much 
the potential of one of the metals is greater or smaller than that of 
the other. If the relative potentials of all the metals are thus measured 
by comparing their potentials with that of one of them, used as a 
standard, the resulting values can characterize the activity of the 
metals just as well as the absolute values of their potentials. 

The accepted standard electrode with which the potentials of all 
the other metals are compared, is known as the normal hydrogen 
electrode. The latter consists of a platinum plate coated with a thin 
layer of finely divided spongy platinum and submerged in a binormal 
solution of sulphuric acid. A current of pure hydrogen is passed con- 
tinuously through the solution under a pressure of 1 atm. Coming into 
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contact with the platinum, the hydrogen is absorbed by it to a con- 
siderable degree. A platinum plate saturated with hydrogen behaves 
as if it were made entirely of hydrogen. When it is in contact with the 
sulphuric acid solution, a definite difference of potentials (the po- 
tential of the hydrogen electrode) arises, this value being accepted 
as the zero point when measuring relative potentials. 

The difference of potentials between a metal in a solution of its salt, 
containing 1 gram-ion of the metal per litre, and a normal hydrogen 
electrode, is called the normal potential of the metal. 


Fig. 131. Apparatus for measuring normal 
potential of a metal 


Normal potentials are usually measured with the aid of arrange 
ments similar to that shown in Fig. 131. This arrangement is essen- 
tially a galvanic cell, in which one of the electrodes is the metal 
under test, and the other, a hydrogen electrode. As the potential of 
the hydrogen electrode is assumed to be zero, the electromotive force 
measured between the poles of such a cell is the normal potential 
of the metal. 

Table 27 shows the normal potentials of the most important met- 
als.* They are written with a minus sign when the potential of the 
metal is smaller, and with a plus sign if it is higher than that of the 
hydrogen. 

If the metals, including hydrogen, are written out in order of 
decreasing electronic pressures, i.e., decreasing negative (and increas- 
ing positive) normal potentials, we get the same e.m.{. series as 
that shown on p. 509. 

Knowing the normal potential of the metals, we can easily deter- 
nine the electromotive force of any cell consisting of two metals dipped 


* Some of them, such as the normal potentials of K, Na, Ca, cannot be meas- 
ured directly, but are calculated by indirect methods. 


518 Chapter XVIII. General Properties of Metals 


Table 27 
Normal Potentials of Metals 

Metal lon HEL Metal Ion fale! 
K K- —2.92 Ni Ni —0.23 
Ca Ca-- —2.84 Sn Sn": —0.14 
Na Na- —2.713 Pb Pb-- —0.126 
Mg Mg" ETS H, H- 30.000 
Al fT —1.66 Cu Cue: +0.34 
Mn Mn —1.05 Hg Hg," +0.798 
Zn Zn —0.763 Ag Ag" +0.799 
Fe Fe-- —0. 44 Au Au: +1.42 


in solutions of their salts. For this it is necessary only to find the 
difference of the normal potentials of the metals in question. 

For the electromotive force to have a positive value, the smaller 
potential is always subtracted from the larger. For instance, the 
electromotive force of a copper-zinc cell is: 


©.m.l. =0.34—(— 0.763) = 1.103 volts 


Of course, this will be the correct value if the concentrations of 
Zn'‘-ion and Cu‘-ion in the corresponding solutions equal 1 gram- 
ion per litre. For other concentrations the potentials of the metals, and 
therefore the electromotive force values, can be determined by the 
following formula derived by Nernst: 


E-B,+ 0 ogc 


where £ is the potential of the metal with the actual concentration 
of its ions; Eo, its normal potential; n, the valency of the metal 
ions; c, the concentration of these ions in the solution, in gram-ions 
per litre. 

For instance, the potential of zinc in a 0.001 M solution of its salt 


equals: 


E= —0.109 4-22 log 10-1: —0.85 volt 


the potential of a hydrogen electrode in a neutral solution, where 
(H')=1077, will be —0.41 volt, ete. 

In constructing galvanic cells, oxidation-reduction reactions other 
than the displacement of metals by metals are often used, sometimes 
with the participation of non-metals. The normal potentials of some 
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of the non-metals have also been determined. But the e.m.f. series of 
non-metals has been established far less completely than that of 
metals. By way of illustration, the normal potentials of the halogens 
are given below: 

FF Cl/Cl Br/Br NY 

+ 2.85 +1.36 4+ 1.037 4-0.54 


200. Corrosion of Metals. The surface of almost any metal begins 
to decay more or less rapidly when it comes into contact with the 
gaseous or liquid medium surrounding it. This is due to chemical 
interaction between the metal and the gases contained in the air, or 
the water and the substances dissolved in it. 

Any process of chemical decay of metals due to the action of the sur- 
rounding medium is called corrosion. 


Fig. 132. Diagram of corrosion of 
aluminium in contact with copper 


The simplest case of corrosion is that which occurs when metals 
come into contact with gases. The surface of the metal becomes coated 
with the corresponding compounds, namely, oxides, sulphides, basic 
carbonates, which often form a compact layer protecting the metal 
from further attack by the gases. 

It is different when the metal is in contact with a liquid medium, 
say water, and the substances dissolved in it. The compounds formed 
in this case may dissolve, allowing corrosion to penetrate farther 
into the metal. Besides, water containing dissolved salts is a conductor 
of electric current; this promotes electrochemical processes which are 
one of the main causes of rapid corrosion. 

In most cases pure metals are hardly attacked by corrosion. Even 
Such a metal as iron hardly rusts at all if absolutely pure. But ordinary 
technical metals always contain various impurities, this promoting 
corrosion. 

To comprehend why impurities influence the corrosion of metals, 
consider what happens when two different metals come into contact 
with one another in moist air. 

Suppose, for instance, we have an aluminium rivet in a sheet of 
<opper (Fig. 132). As all solids adsorb moisture from the air on their . 
surfaces, the surface of the metals in question will also be coated 
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with a very thin film of water. But water, as we know, ionizes, 
albeit insignificantly, into H° and OH’; besides, the carbon dioxide 
dissolved in the water forms carbonic acid, which ionizes according 
to the equation: 

HCO, Z H°+ HCO; 


Therefore the copper and the aluminium are, in a sense, immersed 
in a solution containing the ions H:, OH’ and HCO;. This is a gal- 
vanic cell, in which aluminium acts as the negative electrode and 
copper as the positive. Owing to the close contact between the metals, 
the cell is short-circuited and is thus in continuous operation: the 
aluminium keeps emitting ions into the solution, the excess electrons 
passing over to the copper on the surface of which they discharge 
hydrogen ions. In the solution the Al** ions combine with the 
OH’ ions forming Al(OH), which separates out at the surface of 
the aluminium: 

2Al— te” =2Al"- 
6H’ +6e- =3H, 
2Al-'" + 6OH’ =2Al (OH), 


Thus, the aluminium corrodes quite rapidly. 

The corrosion of iron in contact with some less active metal, say, 
also with copper, is somewhat more complicated. The iron emits 
bivalent Fe‘* ions into solution, and these ions, combining with 
hydroxyl ions, turn into Fe(OH)». At the same time the electrons 
Pass from the iron to the copper, discharging hydrogen ions at its 
Surface. 

In the presence of atmospheric oxygen and water Fe(OH), is 
oxidized into ferric hydroxide Fe(OH)s, forming rust: 


4Fe (OH), 4 2H,0 4 0, = 4Fe (OH), 


In the above cases the aluminium and the iron corroded owing to 
contact with a less active metal, namely, copper. The various impuri- 
ties always present in technical metals act like the copper above and 
promote corrosion. For instance, if ordinary steel is investigated under 
the microscope, it is found to consist of tiny grains of pure iron in- 
timately intermixed with grains of iron carbide, or cementite. 
FeC, and other impurities. Thus, an infinite number of galvanic 
couples are set up, the cementite grains acting as positive and the 
iron grains as negative electrodes. When the steel comes into contact 
with moist air, galvanic currents arise, causing corrosion. Impurities 
promote the corrosion of other metals in a similar way. 

‘The corrosion of aluminium, zinc, iron, and, in general, metals 
situated above hydrogen in the e.m.f. series, reduces essentially to the 
displacement of hydrogen ions from solution and the passage of the 
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metal itself into solution as ions. The accelerating influence of con- 
tact with a less active metal in such processes can be illustrated 
graphically by the following experiment. 

‘Throw a piece of chemically pure zinc into a test tube containing 
a dilute acid solution. Almost no hydrogen will be observed to form. 
The absence of any reaction is due to the fact that as the Zn°:* ions 
begin to pass into solution, they become hydrated and form a film 


Fig. 133. Dissolv- Fig. 134. Diagram of 
ing of chemically copper-plated zinc dis- 
pure zinc in acids solving in sulphuric 
in contact with acid 
copper or platinum 

wire 


of positively charged ions around the zinc. This film prevents the 
hydrogen ions from coming into contact with the zinc surface and 
receiving electrons from it, as a result of which the zinc stops dissolv- 
ing. But if the surface of the zinc is just touched with a platinum 
or copper wire, a galvanic couple arises, and hydrogen immediately 
begins to come away vigorously from the surface of the wire. The 
electrons pass from the zinc to the platinum (or the copper) and 
from it to the hydrogen ions, while the zinc gradually dissolves. 
emitting more and more ions into the solution (Fig. 133). 

The same effect is observed if a few drops of copper sulphate solu- 
tion are added to the acid. The zinc displaces the copper and its sur- 
face becomes coated with a loose layer of metallic copper. The result 
is a galvanic zinc-copper couple which acts as in a voltaic cell. 
For this reason, “copper-plated” zinc displaces hydrogen vigorously 
from the acid, but the hydrogen is liberated at the surface of the cop- 
per, not of the zinc (Fig. 134). 
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Ordinary commercial zinc, containing impurities, behaves in a 
Similar way. 

Other factors besides impurities influence the rate of solution of a 
metal in an acid. These are the structure of the metal, its mode of 
treatment, the properties of the acid, etc. But in all cases the rate of 
dissolving can be slowed down by adding certain substances to the 
acid; these substances are mainly organic and are known as inhibitors 
(corrosion decelerators). 

The action of inhibitors is sometimes so effective that some metals 
and alloys become practically insoluble in acids to which the corre- 
sponding inhibitor has been added. 

While slowing down the dissolving of the metal, inhibitors do not at 
all influence the rate of dissolving of metal oxides, hydroxides and 
other substances. Therefore the addition of inhibitors makes it pos- 
sible to use acids for cleaning the surface of a metal from the com- 
pounds coating it (for instance for removing rust from iron, or scale 
from boiler walls) without hardly affecting the metal itself. 

As the elements are arranged in the e.m.f. series in order of decreas- 
ing activity, it might be expected that the higher up an element is 
situated in this series, the more easily it will corrode. Actually this is 
not always the case. For instance, aluminium, which is near the top 
of the series, resists atmospheric corrosion quite effectively. This 
stability is due to the formation on the surface of the aluminium of 
4 thin but very dense and elastic film of aluminium oxide which severs 
the contact between the aluminium and the Surroundings. Indeed, 
if this film is destroyed in any way, very rapid corrosion sets in. 

Clean an aluminium plate thoroughly with emery-paper and moist- 
cen it with a solution of corrosive sublimate HgCl,. The aluminium 
displaces the mercury and forms an alloy with it, a mercury amalgam, 
which prevents the formation of the protective film. Therefore. 
if such a plate is left in the air, it rapidly becomes coated with 
loose flakes of aluminium hydroxide, the corrosion product of alu- 
minium. 

In this case the contact between the aluminium and the mercury, 
a metal of low activity, also accelerates corrosion. 

Of course, the layer of oxide or any other compound coating the 
surface of the metal can serve as a protective film only if it is dense 
and strong enough and insoluble in water. Otherwise it will not prevent 
corrosion. For instance, rust appearing on iron does not by any means 
protect it from further corrosion, because the rust layer is very loose 
and brittle, and adheres weakly to the surface of the metal. 


Substances promoting the formation of a protective film on a metal are known 
aS passivizing agents. Strong oxidants can serve as passivizing agents for most 
metals. A good passivizing agent for iron is also OH'’-ion. 
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As was stated above (see p. 388), many quite active metals become passive 
after being treated with concentrated nitric acid, due to the formation of a very 
thin invisible film of oxide on the surface of the metal, preventing further oxi- 
dation. The existence of such oxide films has been proved by various methods, 
namely, polarization of reflected light, X-ray methods, etc. 

The oxide film theory was developed in detail at the beginning of the present 
century by V. Kistyakovsky (1865-1952) whose works were of great importance 
for corrosion prevention. 

Certain substances destroy or weaken the protective film of a metal and 
thus promote corrosion. Such substances are called activizing agents Or acti- 
vizers. 

‘The most powerful activizer for most metals is Cl’-ion. The rapid destruction 
of the underwater metallic parts of sea vessels is due mainly to the presence of 
Cl'-ion in sea water. A very powerful activizer for most metals is hydrogen-ion. 
Oxygen dissolved in water also greatly accelerates corrosion by binding the pri- 
mary reaction products (e. g., by oxidizing Fe(OH), into Fe(OH); in the case 
of tlie corrosion of iron) and thus eliminates the possibility of the reverse reaction. 


‘The losses due to the corrosion of metals are tremendous. Tt has been 
calculated, for instance, that the amount of iron destroyed each year 
by corrosion equals about one quarter of its annual world production. 
That is why the study of corrosion processes and the search for the 
best means of its prevention attract so much attention. 

Very diverse methods are used to combat corrosion. The simplest 
of them consists in protecting the surface of the metal from direct 
contact with the surroundings by coating it with oil paint, varnish, 
enamel or a thin layer of another metal. Of especial interest from a 
theoretical standpoint is the coating of one metal with another. Let 
us sce the result it leads to. 

Since corrosion always begins at the surface of the metal, the object 
will behave as if it consisted entirely of the protecting metal as long 
as the protective layer on the metal is intact. But if scratches, cracks, 
etc., appear in the protective layer, baring the surface of the metal 
protected, conditions favouring corrosion arise immediately at these 
points. However, the course of the corrosion may vary, depending 
on the relative positions of the metals in question in the electro- 
chemical series. 

Let us first consider the case of what is known as a cathode coating, 
when the protecting metal is situated below that protected in the 
e.m.f. series. A typical example is the corrosion of tin-plated iron 
(white tin). Tin itself is very stable and protects the metal effectively 
as long as its coating on the iron is intact. If the protective coating, 
however, loses its integrity and the bared spot comes into contact 
with moisture, a galvanic couple arises, in which the tin serves as 
the positive electrode (the cathode),* and the iron as the negative 


_ * We remind the reader that the electrode from which positively charged 
ions come away during the operation of the galvanic cell, is called the anode, 
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electrode (the anode). The electrons flow from the bared surface of 
the iron to the tin, where they discharge hydrogen ions, while the 
iron decays, sending more and more ions into solution (Fig. 1350). 
Thus tin-plated iron rusts much more rapidly where the protective 
coating is injured, than unplated iron. C y 
Corrosion takes an entirely different course if the protecting metal 
stands higher in the e.m.f. series than the metal protected, e.g., zinc- 
plated iron (anode coating). In this case, if the protective layer is 
injured, a galvanic couple also arises, but here the iron serves as the 


NN OE SN 


Fig. 135. Diagram of corrosion: 
a—tin-plated iron; b—galvanized iron 


cathode and zinc as the anode, so that electrons pass from the z2inc 
to the iron; as a result, the zinc decays while the iron remains intact 
(Fig. 135b) until the entire layer of zinc has decayed, which requires 
quite a length of time. 

It is clear fiom the above that to protect a metal from corrosion it 
iS better to coat it with a more active metal than with a less active. 
However, other considerations often make it necessary to use coatings 
of less active metals as well. 

In practice it is mostly necessary to take measures for the protection 
of iron, as a metal especially subject to corrosion. Besides zinc, one 
of the more active metals used sometimes for this purpose is cadmium, 
the action of which is similar to that of zinc. Of the less active metals, 
those used most frequently for coating iron are tin, copper and nickel. 

Iron objects plated with nickel have a beautiful finish, which 
accounts for the wide use of nickel plating. 

If the nickel film is injured, corrosion takes place less intensively 
than in the case of copper (or tin) plating, as the difference of po- 
tentials for the couple nickel-iron is much lower than for copper-iron. 

Another noteworthy method of corrosion prevention is the protactor 
method, which consists in bringing the metal object to be protected 


while that towards which positively charged ions move and where they are 
discharged, is called the cathode. 

It should be noted that these names of the electrodes are in no connection 
with their signs; in the case of galvanic cells the anode is a negative electrode 
and the cathode a positive, while in electrolysis, on the contrary, the cathode 
is the negative electrode (as it is connected to the negative pole of the current 
Source) and the anode is the positive electrode. 
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into contact with a large surface of a more active metal. For instance, 
zinc sheets are placed in steam boilers in contact with their walls to 
form galvanic cells for this purpose. 

201. Extraction of Metals from Their Ores. The great majority of 
metals occur in nature as compounds with other elements. 

Only a few metals are found in the free state, in which case they are 
called native metals. Gold and platinum are found almost exclusively, 
and silver and copper partly, in the native state; sometimes mercury, 
tin and other metals are also found native. 

Gold and platinum are extracted by mechanical separation from 
the gangue in which they are embedded, for instance, by washing with 
water or by dissolving with various solvents, followed by precipita- 
tion from the solution. All other metals are extracted by chemical 
treatment of their natural compounds. 

Minerals and rocks containing compounds of metals and Suitable 
for the commercial extraction of those metals, are called ores. The 
most important ores are the oxides, sulphides and carbonates of 
metals. 

The extraction of metals from their ores is the task of metallurgy, 
one of the most ancient branches of the chemical industry. 

Reduction of Metals from Their Oreswith Carbon. The most important 
method of extracting metals from their ores is based on the reduction 
of their oxides with coal or coke. 

If, for instance, red copper ore Cu20 is mixed with coke and heated 
strongly, the coke will reduce the copper, itself being converted, to 
carbon dioxide, while the copper is evolved in the molten state: 


Cus0 + C=20u+ CO 


A similar method is used to smelt pig iron from iron ores, to produce 
‘tin from tinstone, SnOs, and to reduce other metals from their oxides. 

In treating sulphide ores, the sulphides are first converted into 
oxides by roasting in special furnaces, after which the resulting oxides 
are reduced with coal. For example: 


2ZnS + 30:= 27n0 +250; 
Zn0 + C=7Zn+ CO 


When the ore is a carbonate it can be reduced directly with coal 
just as oxides are, because carbonates, when heated, decompose into 
‘the metal oxide and carbon dioxide. For example: 


ZnCO:, = Zn0 + CO, 


Usually, besides the chemical compound of the metal in question, 
ores contain also many impurities in the form of sand, clay and lime- 
-Stone, which are very difficult to melt. To facilitate melting of the 


526 Chapter XV1I1I. General Properties of Metals 


metal various substances are added to the ore to form fusible com- 
pounds, known as slags, with the impurities. The substances added 
for this purpose are called fluxes. If the impurity consists of limestone, 
the flux is usually sand, which forms calcium silicate with the lime- 
stone. On the contrary, if the ore contains a large amount of sand, 
limestone is used as the flux. 

In some ores the content of impurities (gangue) is so high that it is 
not economical to smelt the metals from them directly. These ores 
are preliminarily “concentrated,” to remove part of the impurities. 
Especially widespread is the method of ore concentration known as 
flotation, which is based on the difference in the adsorptive properties. 
of the pure ore and the pure gangue. 

The technique of flotation is ‘quite simple and consists essentially 
in the following. The ore, constituting, for instance, a metal sulphide- 
and a silicate gangue, is finely ground and mixed with water in large 
tanks. A certain slightly polar organic substance, such as pine oil, 
is added to the water, to promote the formation of a stable froth. 
The water is stirred, and a small quantity of a special reagent called 
“collector"* is added, the latter being adsorbed readily by the surface 
of the mineral to be floated and making it water-repellent. Then 
an intense stream of air is passed through the mixture from below, 
promoting agitation of the ore with the water and the reagents added 
to it. The particles of the mineral to be floated become coated with 
an adsorbed film of collector molecules, adhere to the air bubbles, 
rise together with them to the surface and remain there entrapped in 
the froth; the gangue particles, on the other hand, being water-avid, 
remain in the pulp. The froth is collected and dewatered, the resulting 
concentrate containing a much higher percentage of the metal than 
the ore. 

Reduction of Metallic Ozides with Aluminium. Lately aluminium has 
found wide application for the reduction of certain metals from their 
oxides. Its application is based on the fact that much more heat is 
liberated during the combustion of aluminium than during the com- 
bustion of many other metals. For example, the formation of one 
gram-molecule of Al20s3 is accompanied by the release of 393 Cal.; 
the formation of one gram-molecule of Fe,03—by only 195 Cal. But 
it was stated above that the decomposition of a compound requires 
the expenditure of the same amount of energy as was liberated during 
its formation. Therefore if a mixture of iron oxide and aluminium is 
ignited, the iron will not only be reduced, but a large excess of heat 
will remain as well, this excess equalling 393 — 195=198 Cal. per- 
gram-molecule of aluminium oxide formed. 


* Various substances may be used as collectors. Some good collectors are, 
for instance, higher fatty acids and their salts (Soaps). 
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The reaction involved can be expressed by the equation 
2Al+ Fe,0,= 2Fe 4- Al,.0; +198 Cal. 


The reaction is usually carried out in a limited space and at a very 
fast rate, so that the temperature of the mixture reaches 3,500° C. 
At this temperature the iron melts, and the aluminium oxide floats as: 
a slag on the surface of the molten iron. 

This reaction, discovered by N. Beketov, is widely used for the 
production of many refractory metals, such as chromium, manganese, 
vanadium, etc. 

The reduction of metal oxides with aluminium is known as alu- 
minothermy. 

A mixture of magnetic iron oxide FesO, and aluminium, known as 
thermite, is used in practice for welding iron objects, for instance, 
tramway rails. For this purpose, the ends of the rails to be joined are 
enclosed in a housing of a refractory material having the shape of the 
rail, and the molten iron obtained from the thermite is poured into it. 
At the high temperature achieved the ends of the rails soften and are 
welded or soldered together by the liquid iron. 

Another important method of producing metals, besides reduction 
with coal and aluminium, is electrolysis. Some of the more active 
metals can be obtained only by electrolysis, all other means not being 
potent enough to reduce their ions. 

202. Electrolysis. Electrolysis is the chemical process which takes 
place when an electric current is passed through a solution of electro- 
lyte or through the molten electrolyte. When an electric current passes 
through an electrolyte solution, the positive ions move towards the 
cathode, and the negative towards the anode, where they are dis- 
charged. The resulting neutral atoms and atomic groups either sep- 
arate out of solution or react with each other, forming what is 
known as secondary electrolysis products. 

In considering the mechanism of electrolysis it must not be forgot- 
ten that besides the ions of the electrolyte all aqueous solutions 
contain also H° and OH’ ions from the water. These ions migrate 
in an electric field just like the electrolyte ions, the hydrogen ions 
moving towards the cathode, and the hydroxyl, towards the anode. 
Thus, two kinds of ions can be discharged simultaneously at the 
cathode, namely, the positive electrolyte ion (usually the metal 
ion) and the hydrogen ion from the water. Which of them will actually 
be discharged depends, above all, on their relative position in the 
e.m.f. series, then on the concentrations of the ions, and, in some 
Cases, on the material of the electrode at which they are discharged. 
Generally, the more easily a metal yields its electrons, the higher its: 
negative potential (in absolute value), the less readily its ions are: 
discharged. Hence it follows that, other conditions being equal, 
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gold ions and ions of other metals of low activity should be discharged 
the most readily, and the ions of metals at the top of the e.m.f. 
series, the least readily. As the ion of any metal below hydrogen is 
more easily discharged than the hydrogen ion, the electrolysis of 
salts of copper, mercury, etc., will lead to deposition of the corres- 
ponding metals on the cathode. Ions of metals above hydrogen in 
the e.m.f. series are discharged less readily than hydrogen ions, and 
the farther away they are from it, the more difficult they are to 
discharge. Therefore, when the salts of the more active metals, 
sodium, potassium and calcium, as well as magnesium and alumi- 
nium, whose electrode potentials differ greatly from that of hydrogen, 
are electrolyzed, almost exclusively hydrogen ions are discharged, 
and gaseous hydrogen is liberated at the cathode. As more and more 
hydrogen ions are discharged, larger and larger quantities of water 
molecules ionize, as a result of which hydroxyl ions accumulate at the 
cathode, and the solution becomes alkaline. A different thing happens 
when salts of the less active metals, situated above hydrogen, such as 
zinc, iron, nickel, etc., are electrolyzed. Although theoretically hy- 
drogen ions here too should have been the first to be discharged, 
practically, the metals are deposited at the cathode. This apparent 
contradiction is due to the insignificant concentration of the hydrogen 
ions (in comparison with that of the metal ions) and the specific 
influence of the substance of the electrodes, which greatly impedes 
the discharge of hydrogen ions.* 

Now let us see what happens at the anode. The negative ions 
of the electrolyte and the hydroxyl ions of water move towards it. 
If the negative ions do not contain oxygen, as for instance CI", Br’, 
SY ions, these ions, and not the hydroxyl, are discharged, as the latter 
give up their charge with much greater difficulty, with the result 
that chlorine, bromine or sulphur are liberated at the anode. It, 
however, the negative ions contain oxygen (SO, NO,, etec.), 
gaseous oxygen is liberated at the anode. In these cases the hydroxyl 
ions of water are evidently discharged more readily than the ions of 
the acid radicals. 

When hydroxyl ions are discharged, they turn into neutral OH 
groups, which cannot exist in the free state and immediately change 
into water molecules and oxygen: 


40H’—4e- =2H,0 +0; 
Therefore, the reason for the liberation of oxygen is the discharge 
of hydroxyl ions. As more and more of the latter are discharged, 


larger and larger quantities of water molecules ionize, and hydrogen 
ions accumulate at the anode. 


* These problems are dealt with in greater detail in special textbooks. 
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Let us consider several typical cases of electrolysis. 

1. Electrolysis of CuCl, Solution. The solution contains Cu’* and 
CI’ ions and insignificant quantities of H° and OH’ ions from the 
water. When current is passed through, the copper ions move towards 
the cathode and the chloride ions, towards the anode. Receiving 
two electrons each from the cathode, the Cu‘* ions turn into neutral 
atoms which separate out of solution. The cathode gradually becomes 
coated with copper. At the same time, when the CI’ ions reach the 
anode, they yield their electrons to it and turn into chlorine atoms 
which combine into pairs to form Cl» molecules. Chlorine is liberated 
at the anode. 

Scheme of Electrolysis of CuCl, Solution 


Cull, 
— —— 
Cathode — Cu*" 201’ = Anode 
Lt 20) —2e- =201 
Cu’ + 2e- =|Cul DEL a 


Reduction takes place at the cathode, and oxidation at the anode. 

2. Electrolysis of Ks2SO, Solution. The solution contains K°* and 
SO’ ions, as well as the hydrogen and hydroxyl ions of water. As 
the potassium ions are more difficult to discharge than the hydrogen 
ions and the SO’ ions more difficult than the OH’ ions, the passage 
of current leads to the discharge of hydrogen ions and liberation 
of hydrogen at the cathode and to the discharge of hydroxyl ions and 
liberation of oxygen at the anode. 


Scheme of Electrolysis of K:,S0, Solution 
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Thus, electrolysis of a K2S0 , solution does not lead to the discharge 
of either of the ions of the dissolved electrolyte, but only to the 
decomposition of water. At the same time, owing to the discharge 
of the hydrogen and hydroxyl ions of water and the continuous 
movement of K: ions towards the cathode and SO! ions towards 
the anode, a solution of alkali (KOH) forms at the cathode and a 
solution of acid (Hs2SO;,) at the anode. 
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Decomposing an electrolyte requires a certain definite minimum voltage, 
called the decomposition potential of the electrolyte. For instance, if two platinum 
electrodes are dipped into a solution of cupric chloride CuCl, and a difference of 
potentials of 0.8 volt applied to them, current will at first begin to pass through 
the solution, but then will rapidly become weaker and will finally stop altogeth- 
er. The reason for the cessation of the current is the accumulation of copper on 
one electrode and chlorine (adsorbed by the platinum) on the other, giving rise 
to a new cell, composed of copper and chlorine in a solution of their ions, which 
generates current in the reverse direction. This phenomenon is known as electrode 
Polarization, and the electromotive force of the cell thus formed is called the 

Olarization e.m.f. Tts value for a molar solution of CuCl, can easily be found 
hon the table of normal potentials by subtracting the potential of copper from 
that of chlorine: 1.36 — 0.34 = 1.02 volts. 

Obviously, to keep up electrolysis, a difference of potentials must be applied 
to the electrodes from the outside of not less, and even more, than 1.02 volts, 
in order to overcome the polarization e.m.f. This value is the decom position 
potential of the electrolyte. From the above it is clear that to find it, the poten- 
tial of the substance liberated at the cathode must be subtracted from the poten- 
tial of the substance liberated at the anode. Thus, the decomposition potential 
of CuCl, in molar solution equals 1.02 volts, the decomposition potential of 
ZnCl, under the same conditions equals 1.36 — (—0.763)=2.123 volts, etc. The 
decomposition potentials of oxyacids and alkalis in normal solution are almost 
identical (about 1.67 volts), as in all these cases the same ions are discharged. 

If different cations and anions are present simultaneously in the solution, 
electrolysis will set in when the voltage is high enough to discharge one of the 
types REE and anions present. For this reason, electrolysis is often employed 
in analysis for separating metals from one another. For instance, at a voltage, 
say, of 1.2 volts only copper will be deposited from a solution containing CuCl, 
and ZnCl, but not zinc, as the decomposition potential of ZnCl, is much higher 
than 1.2 volts. 


In the above examples of electrolysis the electrodes were assumed 
to be made of an inert material, such as graphite. When such electrodes 
are used, ions are discharged both at the cathode and at the anode. 
But if the anode consists of a metal, the process takes a different 
course. In this case ions will be discharged only at the cathode; 
at the anode, on the other hand, metal ions will pass into the solution. 
For instance, if a solution of nickel sulphate NiSO, is electrolyzed, 
using a plate of metallic nickel as the anode, nickel will be deposited, 
as usual, at the cathode, but at the anode hydroxyl ions will not 
be discharged and there will be no liberation of oxygen, nickel grad- 
ually dissolving instead. The dissolving of the nickel may be attrib- 
uted to its capacity, common to all metals, for emitting ions into 
solution. Under ordinary conditions, when the metal is dipped into 
Water (or a solution), the transition of its ions into the solution soon 
Stops, owing to the appearance of a negative charge on the metal. 
But in this case, as a result of the Work done by the current source, 
the free electrons are continuously “pumped away” from the nickel 


plate, and so nothing hinders more and more nickel ions from passing 
into solution. 
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Scheme of Electrolysis of NiSO, Solution 
(with Nickel Anode) 


NiSO, 
পা ——, 


Cathode — Ni-- SO; + Anode (Ni) 
Ni" + 2e- = [Nil Ni—2e7 =Ni" 


Hence, when a nickel salt is electrolyzed with a nickel anode, nickel 
deposits on the cathode, while the anode gradually dissolves, the 
amount of nickel salt in solution remaining unchanged. 

Soluble anodes are widely used for coating metals with one another 
by galvanic means. The object to be plated by some metal, say silver, 
is immersed in a solution of a silver salt, where it serves as the cath- 
ode, a piece of metallic silver being used as the anode. Current is 
then passed through until a layer of silver of sufficient thickness is 
deposited on the surface of the object. 

Electrolytic methods of purification of certain metals are also 
based on the dissolving of anodes (see p. 560). 

One of the important technical applications of electrolysis is 
galvanoplasties, a method of obtaining exact metallic replicas of 
relief objects by depositing a more or less thick layer of metal elec- 
trolytically on their surface. This method was discovered by the 
Russian Academician B. Jacobi (1801-1874) in the thirties of the 
last century. The first practically important use of galvanoplastics 
in Russia was for the production of fine clichés for printing various 
state papers, including paper currency. 

Electrolysis can be applied not only to aqueous solutions of electro- 
lytes, but to many substances in the molten state as well. Melting, 
like dissolving, breaks down the crystal lattice of the substance 
rendering its ions, formerly bound up in the solid crystal, capable 
of moving in an electric field. Electrolysis of molten aluminium 
oxide is employed for the preparation of aluminium, one of the 
most important metals of present-day engineering (see § 229). Almost 
all the readily oxidized metals, such as sodium, potassium, calcium, 
etc., are also produced by electrolysis of their molten salts or bases. 

203. Laws of Electrolysis. Electrolysis was first studied quantita- 
tively in the thirties of the last century by the English physicist 
Michael Faraday who established, as a result of his investigations, 
the following Laws of Electrolysis: 


1. The weight of a substance deposited by electrolysis is propor- 
tional to the quantity of electricity passing through the solution and 
is quite independent of any other factors. 


This law follows logically from the general conception of the mech- 
anism of electrical conductivity of solutions and the essence of 


34্* 
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electrolysis (see § 88). As electricity is carried through solution only 
by simultaneously discharged ions, it is clear that the quantity of 
Substance liberated at the electrodes will always be proportional to 
the number of electrons carried through the conductors, i.e., the 
quantity of electricity passing through. 


2. During electrolysis equal quantities of electricity liberate 
equivalent quantities of substances from various chemical compounds. 


The following experiment is a graphical illustration of this law. 
Electric current is passed through a series of solutions containing, 
for instance, the following substances: HCl, AgNO, CuSO, FeCls, 
SnCl, (Fig. 136). The solutions are contained in vessels permitting the 


Fig. 136. Diagram of apparatus for illustrating law of electrolysis 


Substances liberated to be weighed after the experiment (in the figure 
these vessels are Conventionally shown as beakers; two electrodes 
Are immersed in each beaker). To ensure the passage of an equal 
quantity of electricity through all the solutions, the electrodes are 
connected in series. After some time, when a sufficient quantity of 
electrolysis products have accumulated on the electrodes, the current 
is switched off and the substances are weighed. It will be found 
that during the time it takes one gram of hydrogen (i.e., one gram- 
atom) to be liberated from a solution of hydrochloric acid, the fol- 


lowing quantities of metals will be deposited from the rest of the 
solutions. 


Electrolyte 


AgNO; CuSo, FeCl, SnCl, 

Quantity of metal deposited at the 
CRB St ae MCL A heeds a AILEY 31.8 18.6 29.7 
Atomic weight of metal LLL 107.88 63.54 55.85 118.70 


Comparing the quantities of metals deposited with their atomic 
weights, we find that the quantity of silver deposited equals 1 gram- 
atom, the quantity of Copper, /» gram-atom, of iron, 13 gram-atom, 


Michael Faraday 
(1791-1867) 


and of tin only t/4 gram-atom. In other words, the weights of substanc- 
es deposited at the cathode equal their gram-equivalents. The same 
result is obtained if the quantities of substances liberated at the anode 
are measured. Thus, in each of the first, fourth and fifth vessels one 
gram-equivalent of chlorine (35.5 gr.) is liberated, in the second and 
third vessels, one gram-equivalent of oxygen (8 gr.). 

The Electrolysis Laws hold equally for the electrolysis of solutions 
and of fusions. 


Michael Faraday was born in 1791 in Newington (England), in a very poor 
blacksmith’s family. At the age of twelve, not having even finished elementary 
school, he went to work as an errand boy at a bookstore and the bookbinding 
Shop affiliated to it. Working at this shop, Faraday got into the habit of reading 
Scientific books, especially on the natural sciences. He also liked to attend popu- 
lar lectures, and it was they that incited him with the passionate desire to devote 
himself to science. 

In 1813 Faraday was fortunate enough, thanks to the aid of the famous 
English chemist Davy, to receive the position of assistant at the Royal Institute 
in London. Afterwards he became Davyy's secretary, and in 1825 took the latter's 
place at the Institute. 

Faraday’s scientific activities were distinguished by their wide range and 
profoundity. Most of his numerous investigations belong to the sphere of elec- 
tricity. He studied the action of current on aqueous solutions, established the 
two fundamental laws of electrochemistry (Laws of Electrolysis), discovered 
electromagnetic induction. Faraday was the first to work on the liquefaction of 
gases, obtained chlorine, ammonia, hydrogen chloride and other gases in the 
liquid form, put forth the firm conviction that all gases could be liquefied. 
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Other important contributions of his to chemistry were: the discovery of benzene 
and isobutylene, the investigation of naphthalene and the preparation of ethyl- 
sulphuric acid. 


Considering the Second Law of Electrolysis from the point of view 
of electronic theory, it can easily be understood why substances are 
liberated in chemically equivalent quantities during electrolysis. 
Take, for instance, the electrolysis of ferric chloride. When iron is 
deposited from the solution each Fe:-- ion receives three electrons 
from the cathode; at the same time three Cl’ ions yield their extra 
electrons to the anode and become chlorine atoms. Therefore, the 
“transportation” of every three electrons through the solution is 
accompanied by the liberation of one iron atom and three chlorine 
atoms. No matter how many electrons pass through the solution, the 
number of iron atoms deposited is always three times less than the 
number of chlorine atoms liberated, i.e., the quantities of iron and 
chlorine evolved are in the same proportion as their chemical equiv- 
alents. 

It has been established by measurement that the quantity of 
electricity liberating one gram-equivalent of substance during electrol- 
ysis equals 96,500 coulombs.* On this basis, the Second Law of 
Electrolysis may be formulated as follows: 


To liberate one gram-equivalent of any substance from the solution 
of an electrolyte, 96,500 coulombs of electricity must be passed 
through the solution. 


The Second Law of Electrolysis offers a direct method of deter- 
mining the equivalent weights of various elements. This law also 
forms the basis of all calculations involved in electrochemical indus- 
trial processes. 


Example 1. Find the equivalent lane of nickel if it is known that a current 


of two amperes takes forty minutes to deposit 1.46 ET. of nickel from a solution 
of a nickel salt. 


We find the quantity of electricity put through the solution by means of the 
following formula, given in the course of physics: Q=IXt, where Q is the quan- 
tity of SEY in coulombs, I, the current intensity in amperes, t, the time 
In seconds. 


Substituting the initial data into this formula we get: 


Q=2.40.60 = 4,800 coulombs 


As 96,500 coulombs are required to liberate 1 Fram equivalent of substance, 
the gram-equivalent of nickel can be determined from the proportion: 
96,500:4,800 = 2:1 .46 
96,500. 1.46 
et eRe the os 
7,800 29 35 gr. 


* More precisely 96,494 coulombs. 
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Therefore, the equivalent weight of nickel is 29.35. 

Example 2. Electrolysis of a solution of silver nitrate resulted in the libera- 
tion of 350 ml. of oxygen at S.T.P. at the anode in 20 minutes. Find the current 
intensity and the amount of silver deposited at the cathode. 

A gram-equivalent of oxygen (8 gr.) occupies 5.6 1. at S.T.P. The quantity 
of electricity passed through the solution can bo found from the proportion: 


96, 500:0Q =5,600:350 


96,500.950_ G 034 coulombs 


Vat 5,600 


Since this quantity of electricity passed through the solution in the course 
of 20 minutes, the current intensity Was: 


6,031 
20-60 
The quantity of silver (m) deposited at the cathode is proportional to the 


quantity of electricity passed through the solution. A gram-equivalent of silver 
equals 108 gr. Hence 


I =5.03 amperes 


96,500:6,031 = 108: m 
6,031 .108 
m = 796,500 =6.15 gr. 

204. Alloys. Metals are insoluble in ordinary solvents, such as 
water, alcohol, ether, etc., but, when melted, are capable of dissolving 
in one another or mixing to form alloys. 

Most molten metals are miscible in all proportions, just like alcohol 
and water. But some metals dissolve in one another only to a definite 
degree. For instance, if molten zinc and lead are mixed and left 
standing, the mixture separates into two layers, the lower one con- 
sisting of lead with a little zinc dissolved in it, and the upper of zinc 
containing some lead. 

When metals are fused, either one metal simply dissolves in the 
other, or, more frequently, the metals form a chemical compound, 
and therefore alloys are usually mixtures of free metals with their 
chemical compounds, the formation of which is often accompanied 
by a considerable thermal effect. For instance, if a piece of aluminium 
is dropped into molten copper, so much heat is evolved that the entire 
mass becomes white hot. 

Many metals can combine into several different compounds with 
each other, such as AuZn, AusZns, AuZng, Na,Sn, NaSn, NaSns, etc. 

Solid alloys are sometimes quite homogeneous; in such cases they 
are either definite chemical compounds or homogeneous mixtures of 
indefinite composition, known as solid solutions. The latter form if 
the atoms of the metals mixed are capable of displacing one another 
in the crystal lattice without disturbing its structure. Such a displace- 
ment results in quite homogeneous mixed crystals containing atoms 
of both metals simultaneously (see § 53) and accounting for the 
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homogeneity of the alloy as a whole. Most alloys, however, are hetero- 
geneous mixtures of crystals of the separate metals and their chemical 
compounds (if fusion of the metals gives rise to such compounds). 
Metals form alloys not only with each other but with some of the 
non-metals as well; pig iron and steel, for instance, are alloys of iron 
and carbon. 

If the alloyed metals form neither chemical compounds nor a solid 
Solution, one of the components, upon cooling, begins to fall out in the 
Solid form. For instance, if a liquid alloy consisting of 10 parts of lead 
and 90 parts of tin by weight is cooled, crystals of pure tin will 
Separate out first, just like pure ice from a dilute solution of Sugar 
in water when cooled. The temperature at which the tin begins to 
precipitate out of the alloy, is below the freezing point of pure tin. 
By determining the solidification point of tin with lead dissolved in re 
we can calculate the molecular weight of the latter, using the same 
rules as in the case of aqueous solutions. This method has been used 
to determine the molecular weights of many metals, which were found 
to be present in dilute metallic solution mostly in the form of sepa- 
rate atoms. 

Chemical analysis methods are unsuitable for determining the 
composition of alloys, as in many cases the metal compounds cannot 
be isolated from the alloy. For this reason, physical methods of in- 
vestigation are employed predominantly in the study of alloys. A 
prominent role in the development of these methods belongs to the 
Russian scientist N. Kurnakov, who founded a new Scientific dis- 
Ccipline, known as physico-chemical analysis. 


Nikolai Semyonovich Kurnakov was born in 1860, in the town of Nolinsk, 
Vyatka Gubernia. He studied at the Petersburg Mining Institute which he grad 
uated in 1882. In 1893, Kurnakov submitted a thesis “On Complex Metal Bases” 
and was appointed professor in the chair of inorganic chemistry at the Mining 
Institute. In 1913 he headed the chair of general chemistry at the Petersburg 
Polytechnical Institute, and retained this post until 1930. 

In 1913 Kurnakov was elected Member of the Russian Academy of Sciences. 

During the first period of his scientific activities, Kurnakov studied the struc- 
ture and properties of complex compounds and this was the theme of his Doctor’s 
thesis. But Kurnakov’s most important investigations were devoted to metal 
alloys, to the Roy of which he applied thermal analysis and other physico- 
chemical methods developed by himself, as well as metallography. These inves- 
ERLE revealed a number of very important laws, explaining the behaviour 
of metals when alloyed and EEL prediction of the physico-chemical and 
mechanical properties of alloys. Kurnakov’s works were not only of great theoret- 
ical interest, but of immense practical importance as well. 

Alongside his numerous investigations of. alloys, Kurnakov spent a great deal 
of time and effort in studying natural brines. His works in this field made it 
possible to solve a number of very important problems concerning the utili- 
zation of the inexhaustible resources of the salt lakes of our country and of the 
Kara-Bogaz-Gol Bay in the Caspian Sea and led to the discovery of one of the larg- 
est deposits of potassium salts in the world, in Solikamsk District. 


Nikolai Semyonovich 
Kurnakov 
(1860-1941) 


By means of physico-chemical analysis the variation of any physical 
property (vapour pressure, melting point, specific gravity, Viscosity, 
electrical conductivity, etc.) of a system, usually consisting of two 
substances, can be investigated quantitatively in relation to changes 
in the composition of the system. The results of such investigations 
are represented on a composition-property diagram, the composition 
always being plotted along the horizontal axis and expressed in per 
cent of one of the components of the system, while the property 
expressed by the numerical value of the corresponding physical 
constant, is plotted along the vertical axis. The shapes of these curves 
not only enable detection of transformations occurring in the system, 
but also give indications of the nature of those transformations, the 
composition of the resulting products, the formation of solid solutions, 
etc. Physico-chemical analysis methods are now widely used in the 
metallurgical, silicate, chemical and other branches of industry. 

Kurnakov’s numerous Works, concerned with ascertaining the na- 
ture of metal alloys, elucidated the processes taking place during the 
solidification of alloys. In particular, in studying alloys he discovered 
chemical compounds whose composition could vary within a consid- 
erable range. Kurnakov called these compounds of variable compo- 
sition berthollides, after Berthollet who had assumed their existence 
(see p. 34), and suggested that ordinary compounds of constant 
composition should be termed daltonides. 

Of the various types of physico-chemical analysis, the most widely 
used in the study of alloys is thermal analysis, founded in the sixties 
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of the last century by the Russian metallurgist D. Chernov. Thermal 
analysis consists in the plotting and study of fusibility diagrams 
representing the dependence of the melting points of alloys on their 
percentage composition. 

To give an idea of thermal analysis, several examples are examined 
below. 

Figure 137 is the fusibility diagram of the System bismuth-cad- 
mium. The horizontal axis shows the percentage composition of the 
alloys and the vertical axis, their melting points. Point A on the 
curve ACB tepresents the melting point of pure bismuth (2749.0). 


400 


Temperature, Degrees C 


t 


9° 20 40° 6g 30 100 
Cadmium content, per cent 
ight 


by weig - 
Fig. 137. Fusibility diagram of the Fig. 138. Photo-mic- 
system Bi-Cd rograph of Sn-Pb eu- 


tectic alloy 


As more and more cadmium is added to it, the melting point drops 
gradually until it reaches a certain point C; after this, if the cadmium 
content is still further increased, the melting point rises again along 
the curve CB until it reaches point B which is the melting point of 
pure cadmium (321° C). If we begin with cadmium and add bismuth 
gradually to the mixture, the melting point will first drop to point C 
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will begin to solidify as a whole, at constant temperature. An analog- 
ous picture is obtained if an alloy containing 60 per cent Cd and 40 
per cent Bi is cooled, with the only difference that cadmium will 
separate out first in this case (cf. freezing of solutions, § 82). 

The temperature 140° C, the lowest possible melting point for any 
alloy of bismuth and cadmium, is called the eutectic temperature, 
while the alloy of the composition corresponding to this point is 
referred to as a eutectic mizture, or just eutectic. In the case under 
consideration the eutectic contains 40 per cent cadmium and 60 per 
cent bismuth. 

As long as the alloy contains less than 40 per cent cadmium, bis- 
muth separates out first when the alloy is cooled, thus playing the 
part of the solvent, while cadmium is in this case the solute. At 
point C the roles of bismuth and cadmium are reversed. From alloys 
containing more than 40 per cent cadmium, the latter metal crystal- 
lizes out first; here cadmium is the solvent and bismuth the solute. 
And only when the cadmium content in the alloys equals 40 per cent 
do both metals begin to separate out simultaneously as a eutectic. 
If the eutectic is examined under the microscope it will be found to 
consist of very tiny crystals of bismuth and cadmium closely inter- 
grown with one another.* Alloys of bismuth and cadmium with other 
compositions contain large crystals of one of the metals included in 
the continuous mass of the eutectic. 

In accordance with the above, five fields can be distinguished on the 
fusibility diagram of the system bismuth-cadmium (see Fig. 137): 
I—liquid fusion of cadmium and bismuth; II—mixture of the liquid 
fusion and bismuth crystals; III—mixture of the liquid fusion and 
cadmium crystals; IV —mixture of the eutectic and bismuth crystals; 
V— mixture of the eutectic and cadmium crystals. 

Fusibility diagrams are usually plotted on the basis of the cooling 
curves of alloys. To obtain these curves, two pure metals are used to 
prepare a number of mixtures of various compositions. Each of the 
mixtures is fused and then cooled slowly, measuring the temperature 
of the alloy at definite time intervals. 


* For such investigations, constituting the subject of a special scientific 
discipline called metallography, a small section of the alloy is polished to a 
mirror-like surface. 

The polished surface is etched with a solution of acid, alkali or some other 
reagent. Some substances are more susceptible to the action of the reagent, 
others less susceptible, and thus the outlines of the composite parts of the alloy 
are brought out on the polished surface. The resulting section is studied under 
the microscope in reflected light. Fig. 138 shows a microsection of a eutectic 
alloy of tin and lead. 

The fundamentals of metallography were founded over 100 years ago by the 
Russian engineer P. Anosov, who was the first to begin using the above-described 
method of investigation at the Zlatoust plants in the Urals. 
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The observed data are recorded as cooling curves with the time 
plotted along the abscissa and the temperature, along the ordinate 
aXI1S. 

The left-hand curve in Fig. 139 is the cooling curve of a pure molten 
metal. At first the temperature decreases uniformly along ak. At 
point # the curve shows a break, where the solid phase begins to form, 
this being accompanied by the liberation of heat, so that the temper- 
ature remains constant for a certain length of time (the curve runs 
parallel to the abscissa axis). After the entire mass of the molten 
metal has solidified the temperature again proceeds to fall uniform- 
ly along cb. 


Temperature, Degrees C 


Time 
Fig. 139. Cooling curves 


At times an interruption in the temperature drop may also be 
observed on the cooling curve of the solid metal, indicating that cer- 
tain processes connected with the liberation of heat take place in the 
Solid substance, Say the transition of one allotropic modification into 
another. 

The cooling curve of an alloy of two metals has a Somewhat different 
Shape. Such a curve is shown in the right-hand part of Fig. 139. The 


retards the cooling Process, so that the curve has a small break at the 
point k. Crystals continue to Separate out and the temperature 
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The fusibility diagram of any given system can be built on the 
basis of a series of curves obtained in this manner for various alloys 


Temperature, Degrees C 


Temperature, Degrees C 


Time 


Composition 


Fig. 140. Plotting fusibility diagram from cooling 


CUrVves 


of its two component metals. Fig. 140 shows schematically how it is 
built in the case of the system Bi-Cd. Curves 7 and 7? represent the 
solidification of the pure metals bismuth and cadmium; all the rest 


of the curves represent the 
cooling of alloys with gradual- 
ly decreasing percentage of 
bismuth. Of these curves, 4 
corresponds to the solidifica- 
tion of the alloy of eutectic 
composition (60 per cent Bi 
and 40 per cent Cd). Fusibility 
diagrams of the kind just exam- 
ined result only in the sim- 
plest cases, when the alloyed 
metals form neither chemical 
compounds nor solid solu- 
tions. Examples of such al- 
loys, besides that described, 
are the alloys of copper and 
silver (eutectic contains 28 per 
cent Cu and 72 per cent Ag), 
lead and antimony (eutectic 


2 Degrees Y 
§ 


§ 


Temperature 


Fig. 


ml 250° 
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Lead content, per cent by weight 


141. Fusibility diagram of the 
system Mg-Pb 


at 13 per cent Sb and 87 per cent Pb) and many others. 
The fusibility diagrams are more complex when the two metals 
fused do not simply dissolve in one another, but form one or more 


chemical compounds. 


Fig. 141 represents the fusibility diagram of the system magnes- 
ium-lead, i. e., of two metals forming a definite chemical compound 
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Mg:2Pb. Here we see two eutectic points, namely B and D, corres- 
ponding to the temperatures 460 and 250° C. The prominent maximum 
on the curve ABCDE (point C) corresponds to the melting points 
of MgsPb, point M on the abscissa axis indicating its composition. 
Magnesium separates out from the alloy upon olive rel line AB, 
lead, along line ED, and MgsPb, along line BCD. Thus, if a liquid 
alloy containing, say, 40 per cent lead (60 per cent magnesium) is 
cooled, magnesium crystals will fall out first; as they separate out, 
the temperature will keep falling, and when it reaches 460°C, all 
the remaining liquid part of the alloy will begin to solidify at a 
constant temperature, forming a eutectic mixture of very minute 
crystals of magnesium and the chemical compound Mgs2Pb. 

A similar result is obtained if a liquid alloy containing, say, 75 per 
cont lead is cooled, but in this case MgPb crystals will be the first 
to separate. This will continue until the temperature reaches 460° C, 
the point of formation of the eutectic. 

Analogous = with solidification of the eutectic at 250°C 
ght alloy contains over 80 per cent lead (soe curve CDE in 

g ). 


18, the loft half of the curve, from A to C, is the fusibility curve 
of পম of magnesium and MgsPb, while the right half, from C to D, 
Is the fusibllity curve of alloys of lead and Mg Pb, 

If two metals, when fused, form several chemical compounds, there 
will be the same number of maxima on their fusibility curve ns there 
are TOL. each maximum defining the composition of one of the 
compoun 

us, thermal analysis makes it possible to judge both the general 
nature of the alloys, and the number and composition of the com- 
pounds formed by the alloyed metals, which, in the long run, determine 
all the properties of the alloys, 


ANE BE SSO of the system BiI-Cd, find: a) which 
wi first to separate if argu alloy containing £ঃ per cent "= ৭) 
$ WwW ! metal 
out of 00 gr. of the alloy before the Faieatls A yeathed. 
ar SENOS ETSELSND FS: Ib ota Pe sown thay Ue pola onesoe ing to 
is Ye fr ff RELAPSE 
s b oy 20 lum, 
whieh will con baparaie unttl the roaralning quid part of Ge ailsy 


Will separate 


reaches the eutectic. 
2, As the eutectic contains 60 0 cont bismuth, all the bismuth must obvi- 
La) mium lod in the 
ously be included tn the eutectic, the weight of cadmil includ t 


80:40 = 20:7 


im agg 7g. [| 
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Therefore, the amount of cadmium that will separate out before the eutectic 
forms will be 
250— 166.7 = 83.3 gr. Cd 


Thermal analysis has led to the discovery of the existence of an 
enormous number of compounds of metals with one another. These 
compounds bear the generic name of intermetallic compounds, The 
greatest number of such compounds, as far as we know at present, is 
formed by the alkali and alkaline-earth metals with the metals of the 
odd subgroups possessing comparatively weak metallic properties. 


The composition of intermetallic compounds is usually expressed by formulns 
which seem to Es the laws of valency established for compounds of metals 
hls Aon HAE or instance, sodium forms the following series of compounds 
with tin © Load: 


NaSn,, NaSn,, NaSn,, NaSn,, NaSn, NasSny, NaySn, NasSn, 
Na,Sn; NaPb,, NaPbs, NaPb, Na,Pb, Na,Pb 


Many intermetallic compounds are Ie stable and do not decompose evon at 
temperatures considerably oxceoding thelr molting points. Intermetallic com- 
unas are soluble in liquid ammonia, giving solutions which conduct current. 
Vhen such solutions are electrolyzed, one of the metals, namely, the loss oloctro- 
positive, is deposited at the anode and the other at the cathode, For instance, 
whon 4 solution of NasPby is electrolyzed, load is liberated at the anode and so- 
dium at the cathode. 
In solution intermetallic compounds are capable of exchange reactions with 
various salts, For exam plo: 


20a (NO), + K.Pb Ca, Pb 4-AKNO, 


Metals can be dixplaced by other motals from intermotallic compounds just 
ns they can be from ordinary salts. 

The formation of intermetallic com ds has as yet found no theoretical 
oxplanation. It has been established only that metals of very similar chemicnl 
properties usually do not form compounds with one another. 


X-ray methods have found wide use of Iate in the study of alloys, 
and have made it possible to establish the internal structure of the 
crystals in the alloy and to determine thelr crystal lattices. 

The properties of alloys differ in many respects from those of the 
alloyed metals and are not by any means thoir arithmetical mean, 
owing to the formation of various chemical compounds or solid 
solutions when the metals are fused. 

The melting points of alloys are very often lower than that of the 
most fusible component in the alloy. One of the alloys with a very low 
melting point consists of lead (4 parts), tin (2 Ree bismuth (6 
parts), and cadmium (1 part). It melts at about 5°C, i. e., even if 
immersed in hot water, while the melting point of the most fusible of 
these four metals, namely, tin, equnls 232°C. On the contrary, the 
hardness of alloys is usually higher than that of their composite parts. 
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CHAPTER XIX 


First Group of the Periodic Tab!e 


‘The elements of the first group of the Periodic Table are cliuracter- 
ized, first of all, by identical structure of the outer electron layer of 
their atoms, which, in all the members of this group, contains only 
one electron. But the structure of the second last electron lay differs 


in the different elements. This greatly influences their propertics and 
accounts for the division of the group into a main and a scondary 
subgroup. The main subgroup includes the typical elements ‘ithium 
and sodium, as well as potassium, rubidium and caesium, ol ‘tomic 
structure similar to the first two, and situated in the even ~ries of 
the long periods.* Each of these elements has eight electron- in its 
second last layer. The secondary subgroup consists of the elem nts in 
the odd series of the long periods: copper, silver and gold, whi i have 


eighteen electrons in their second last layers. 


ALKALI METALS 


Atomic |Atomi 
Element Symbol weight Eres Arrangement of electrons in layors 
Lithium . .| Li 6.940 3 2 1 | 
Sodium. . .| Na 22.991 11 2 8 1 
Potassium .| K 39.100 | 19 2 8 8 1 
Rubidium .| Rb 85.48 37 2 8 18 8 1 
2 8 


Caesium . .| Cs | 132.91 55 18 18 8 | 
TT 


206. General Features of the Alkali Metals. The name “alkali 
metals,” given to the elements of the Main subgroup of the first 
group, is due to the fact that the hydroxides of the two chief repre- 
sentatives of this group, sodium and Potassium, have long been known 
as “alkalis.” Tt Was from these alkalis that Davy first prepared free 
potassium and sodium in 1807 by electrolysis in the fused state. 


* This subgroup i Y 
artificially. Eroup includes aso the element francium (at. no. 87), obtained 
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Having only one electron in their outer layer, which is a consider- 
able distance away from the nucleus (see p. 121), the atoms of the 
alkali metals part with it very readily, forming positively singly- 
charged ions with the stable shell of the corresponding inert gas. 
Iherefore, the alkali metals are the most typical representatives of 
the metals. All their metallic properties are especially pronounced. 
The alkali metals are absolutely incapable of gaining electrons. 

Similar structure of not only the outermost, but the second last 
electron layer as well, accounts for the great resemblance between 
the alkali metals. But at the same time, the increase in nuclear charge 
and in the total number of electrons in the atom from lithium to 
caesium, gives rise to certain qualitative differences between the 
individual members of the group. As in other groups, these differ- 
ences amount mainly to greater readiness in yielding valency elec- 
trons and to more pronounced metallic properties as the atomic 
number increases. 

207. The Alkali Metals in Nature. Preparation and Properties of 
the Alkali Metals. Owing to their high oxidizability, the alkali metals 
ouvcur in nature only as compounds. Sodium and potassium are among 
the most abundant elements on the earth: the content of sodium in 
the earth's crust is 2.40 per cent, and that of potassium, 2.35 per 
cent. Both metals are contained in various silicate type minerals and 
rocks. Sodium chloride is found in sea water and also forms immense 
deposits of rock salt at many points of the globe. The upper layers 
ol these deposits sometimes contain quite considerable quantities 
of potassium, chiefly in the form of potassium’ chloride, and also 
As double salts with sodium and magnesium. However, large accu- 
mulations of potassium salts of commercial importance are scarce. 
The most important of them are the Solikamsk deposits in the 
U.S.S.R., the Stassfurt deposits in Germany and the Alsace deposits 
in France. Deposits of sodium nitrate have been found in Chile. 
Soda is contained in the waters of many lakes. Finally, enormous 
quantities of sodium sulphate occur in the Kara-Bogaz-Gol Bay of 
the Caspian Sea, where in the winter months this salt deposits in 
thick layers at the bottom. 

‘The other three alkali metals, lithium, rubidium and caesium, are 
much less abundant than sodium and potassium. Lithium occurs 
more often than the others but the minerals containing it rarely form 
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CHAPTER XIX 


First Group of the Periodic Table 


The elements of the first group of the Periodic Table are character- 
ized, first of all, by identical structure of the outer electron layer of 
their atoms, which, in all the members of this group, contains only 
one electron. But the structure of the second last electron layer differs 
in the different elements. This greatly influences their properties and 
accounts for the division of the group into a main and a secondary 
subgroup. The main subgroup includes the typical elements lithium 
and sodium, as well as potassium, rubidium and caesium, of atomic 
structure similar to the first two, and situated in the even series of 
the long periods.* Each of these elements has eight electrons in its 
second last layer. The secondary subgroup consists of the elements in 
the odd series of the long periods: copper, silver and gold, which have 
eighteen electrons in their second last layers. 


ALKALI METALS 


Atomic | Atomic 
Element Symbol weight number Arrangement of electrons in layers 
Lithium . .| Li 6.940 3 2 1 
Sodium. . .| Na 22.991 11 2 8 1 
Potassium .| K 39.100 19 2 8 8 1 
Rubidium .| Rb 85.48 37 2 8 18 8 4 
Caesium . .| Cs 132.91 55 2 8 18 18 8 1 


206. General Features of the Alkali Metals. The name “alkali 
metals,” given to the elements of the main subgroup of the first 
group, is due to the fact that the hydroxides of the two chief repre- 
sentatives of this group, sodium and potassium, have long been known 
as “alkalis.” It was from these alkalis that Davy first prepared free 
potassium and sodium in 1807 by electrolysis in the fused state. 


* This subgroup includes also the element francium (at. no. 87), obtained 
artificially. 
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Having only one electron in their outer layer, which is a consider- 
able distance away irom the nucleus (see p. 121), the atoms of the 
alkali metals part with it very readily, forming positively singly- 
changed ions with the stable shell of the Corresponding inert gas. 
Therefore, the alkali metals are the most typical representatives of 
the metals. All their metallic properties are especially pronounced. 
The alkali metals are absolutely incapable of gaining electrons. 

Similar structure of not only the outermost, but the second last 
electron layer as well, accounts for the great resemblance between 
the alkali metals. But at the same time, the increase in nuclear charge 
and in the total number of electrons in the atom from lithium to 
caesium, gives rise to certain qualitative differences between the 
individual members of the group. As in other groups, these differ- 
ences amount mainly to greater readiness in yielding valency elec- 
trons and to more pronounced metallic properties as the atomic 
number increases. 

207. The Alkali Metals in Nature. Preparation and Properties of 
the Alkali Metals. Owing to their high Oxidizability, the alkali metals 
occur in nature only as compounds. Sodium and potassium are among 
the most abundant elements on the earth: the content of sodium in 
the earth's crust is 2.40 per cent, and that of potassium, 2.35 per 
cont. Both metals are contained in various silicate type minerals and 
rocks. Sodium chloride is found in sea water and also forms immense 
deposits of rock salt at many points of the globe. The upper layers 
of these deposits sometimes contain quite considerable quantities 
of potassium, chiefly in the form of potassium’ chloride, and also 
as double salts with sodium and magnesium. However, large accu- 
mulations of potassium salts of commercial importance are scarce. 
The most important of them are the Solikamsk deposits in the 
U.S.S.R., the Stassfurt deposits in Germany and the Alsace deposits 
in France. Deposits of sodium nitrate have been found in Chile. 
Soda is contained in the waters of many lakes. Finally, enormous 
quantities of sodium sulphate occur in the Kara-Bogaz-Gol Bay of 
the Caspian Sea, where in the winter months this salt deposits in 
thick layers at the bottom. 

The other three alkali metals, lithium, rubidium and caesium, are 
much less abundant than sodium and potassium. Lithium occurs 
more often than the others but the minerals containing it rarely form 
large accumulations. Traces of lithium can be detected i 
of many mineral springs, in the soil and in the ashe 
Such as beets, tobacco, hops. Rubidium and ec 
in small quantities in certain lithium mineral 
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to reduce. ‘Therefore, to reduce the ions of the alkali metals the most 
powerful reducing agent, namely electric current, must usually be 
resorted to. Sodium and potassium are prepared commercially by 
electrolysis of their fused hydroxides or chlorides; lithium is prepared 
by electrolysis of fused lithium chloride. Rubidium and caesium are 
not prepared on a commercial scale. 

All the alkali metals have a bright metallic lustre, easily observed 
on a fresh cut. In the air the lustrous surface of the metal immediately 
becomes dull due to oxidation. 

The characteristic features of the alkali metals are insignificant 
hardness, high electrical conductivity, low specific gravity and low 
melting and boiling points. Lithium has the lowest specific gravity, 
equalling 0.53; caesium has the lowest melting point, 28° C. 

‘The chief physical constants of the alkali metals are given in 
‘Table 28. 


Table 2§ 
Chief Physical Constants of the Alkali Metals 
Lithium | Sodium | Potassium| Rubidium | Caesium 
Constants Li Na K Rb Cs 
Specific gravity . ee 0.53 0.97 0.86 1.53 1.9 
Melting point, degrees C .| 186 }: do 69 38.5 28 
Boiling point, degrees C. . 1,336 880 760 700 670 
Atomic radius, A. ess 1.57 1:92 2.36 2,53 2.74 


The alkali metals dissolve in liquid ammonia, forming dark blue 
colloidal solutions. 

Tf a salt of an alkali metal is introduced into the non-luminous 
flame of a gas burner, it decomposes, and the vapours of the liberated 
metal impart a characteristic colour to the flame. For instance, 
lithium colours it red, sodium yellow, etc. Examination of the 
coloured flame through a spectroscope shows the spectrum peculiar 
to the given metal. In this way even insignificant traces of these ele- 
ments can be detected in substances. 


Spectral Analysis. Numerous investigations of the spectra of various sub- 
stances in the gaseous state have shown that all chemical elements, and many com- 
plex substances as well, have characteristic spectra differing from those oer 
substances in number and arrangement of lines. In the case of mixtures, the pe- 
culiar spectrum of each component is obtained. Thus, the presence of any de- 
finite substance in a mixture can be established by its spectrum. This is the un- 
derlying principle of a special method of investigating substances known as 
spectral analysis. 

Spectral analysis is of immense importance for chemistry, especially when 
only insignificant quantities of the substance under study are present. The 
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sensitivity of this method by far outstrips the sensitivity of ordinary chemical 
reactions. For instance, the characteristic yellow line in the sodium spectrum 
can be detected with a spectroscope if the flame contains only a one-thousand 
millionth of a gram of sodium. The discovery of many rare elements occurring 
in small quantities, particularly. rubidium and caesium, was due to spectral 


analysis. 


Chemically the alkali metals are among the most active elements. 
The activities of the different alkali metals are not identical and grow 
perceptibly with increasing atomic weight. The rise in activity runs 
parallel to the increase in atomic radii, i. e., the distance between the 
valency electron and the nucleus (Table 28). This regularity stands to 
reason: the farther away the valency electron is from the nucleus, 
the weaker its bond with the nucleus and the more easily it can be 
torn away from it. And since the activity of metals depends on their 
readiness to yield valency electrons, it naturally increases from Li 
to Cs. 


As has been stated above (see pp. 168-169), the strength of the electron bond 
in the atom is evaluated by the magnitude of the ionization energy OF ionization 
potential of the element. The atoms of the alkali metals possess the lowest 
ionization potentials, characterized by the following figures in volts: 


Li Na K Rb Cs 
5.36 5.1 4.32 4.10 3.87 


‘These data show that the ionization potentials decrease from lithium to 
caesium, and, therefore, so does the strength of the bond between their outer- 
most electrons and nuclei. bie 2 

‘The low ionization potential values account also for the ability of the alkali 
metals to yield their electrons readily under various external influences, partic- 
ularly, under the action of light on the pure i ি। 
surface of the metal. This phenomenon is the ll 
fundamental principle of photoelectric cells, 
devices for transforming luminous energy 
directly into electrical. Caesium is especially 
sensitive to the action of light. 

A photoelectric cell is shown diagramma- 
tically in Fig. 142. Half the surface of a glass 
bulb is coated on the inside with a thin layer 
of an alkali metal. Above the metallic layer is 
aring or grid of platinum wire. The bulb is 
filled with neon or some other inert gas at a 
Ey low pressure. The Ee and the metal 
ayer are connected to the outer circuit, ig. 142. Di A 
Which includes a dry cell battery and a gal- EGE DOefEo sof Rhoto 
vanometer. In the absence of light the cir- 
cuit remains open and no current will flow 
through the photoelectric cell. But if the surface of the metal is illuminated, 
electrons begin to tear away from it and fly towards the grid, thus completing 
the circuit and giving rise to a direct current in it. 

Photoelectric cells are widely used in practice for transmitting images over 
distances (for instance, television), in various signalling devices, for automatic 
control of mechanisms, in sound pictures, etc. 
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All the alkali metals combine vigorously with oxygen. Rubidium 
and caesium even ignite spontaneously in the air; lithium, sodium 
and potassium burst into flame if gently heated. It is very character- 
istic that only lithium forms the normal oxide Lis0 when burnt, 
the rest of the alkali metals being converted into peroxides of the 
following compositions: 


Naz0»; K,0,; Rb20,; Cs,0, 


The exact structure of peroxides of the M50, type, where M stands 
for an alkali metal, is not known as yet. 

‘The alkali metals react with the halogens no less vigorously than 
with oxygen, especially with chlorine and fluorine. 

As the alkali metals are far above hydrogen in the electrochemical 
series, they displace hydrogen not only from acids, but also from water 
(in which the H--ion concentration is very low), forming strong 
bases: 

2K +2HOH = 2KOH +H, 


Parting readily with their valency electrons during chemical reac- 
tions, the alkali metals are the most powerful reducing agents. 

The reducing ability of the alkali metals is so strong that they are 
capable even of reducing hydrogen atoms, converting them into 
negatively charged H’ ions with the electron configuration of the inert 
Bas helium. Thus, if the alkali metals are heated in a stream of hydro- 
gen, solid crystalline substances of the type MH, called hydrides, 
result, these compounds containing negatively charged hydrogen. 


2Na + H,=2Na+H- 


Hydrides react with water to form hydrogen and alkalis. 

In chemical nature the hydrides are somewhat similar to the salts 
of the hydrohalic acids. The hydrides of the alkali metals are soluble 
in liquid ammonia, with which they form electrically conductive solu- 
tions. If such solutions are electrolyzed the metal is liberated at the 
cathode and hydrogen at the anode; therefore the latter is present in 
solution in the form of the anions H’: 


MHZ M‘ +H’ 


The alkali metals form a large number of salts. With the exception 
of a few salts of lithium (LiF, Lis2COs3, LizPO:,), almost all the salts 
of the alkali metals are readily soluble in water. Therefore, whenever 
an anion is required to accomplish any desired reaction, it is almost 
always added as a salt of an alkali metal. Solutions of their salts with 
Weak acids react strongly alkaline owing to hydrolysis. 

The two alkali metals sodium and potassium are of great practical 
importance. 
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208. Sodium (Natrium); at. wt. 22.991. Tt has already been stated 
that metallic sodium is prepared by the electrolysis of fused sodium 
hydroxide with about 12 per cent soda added, or by the electrolysis 
of sodium chloride. 

The diagram of an apparatus for the preparation of sodium from 
sodium hydroxide is shown in Fig. 143. An iron vessel 1, holding up to 
200 kg. of NaOH and cemented into a furnace, is heated from without 
hy hot gases to keep the sodium hydroxide in a molten state. The 
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Fig. 143. Diagram of appa- Fig. 144. Diagram of apparatus 
ratus for preparation of me- for preparation of metallic sodium 
tallic sodium from NaOH: from NaCl: : 
1— reaction vessel; 2—cathode; 1— iron body; 2—anode; 3—cathode; 
s—anode; 4—iron cylinder with 4— bell; 5—perforated partition; 6—pipe; 
gauze and cap 7 — collector 


cathode is a thick nickel or copper rod 2 passing through the bottom 
of the vessel, and the anode is a nickel cylinder 3. ‘The cathode is 
surrounded by an iron wire gauze fastened at the top to a capped iron 
cylinder 4. ‘The purpose of the gauze is to prevent the sodium liber- 
ated from passing through to the anode. 

As the electrolysis proceeds, the molten sodium accumulates within 
the iron cylinder from which it is removed periodically and poured 
into moulds. 

Owing to the hydroxyl ions being discharged at the anode, oxygen 


is liberated there: 
40H’ —4e- =2H,0 +0; 


The water formed evaporates almost entirely, but some of it, never- 
theless, is decomposed by the current, so that a little hydrogen is 
liberated at the cathode together with the sodium. 
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Of great interest is the preparation of sodium from molten sodium 
chloride, as in this case sodium hydroxide is replaced by common salt 
which is a much cheaper material. 

The bath for the electrolysis of NaCl (Fig. 144) consists of an iron 
body 1, lined on the inside with fire-brick. The graphite anode 2 is 
surrounded by a nickel cathode 3, the outer walls of which are coated 
with an insulating material. Under the bell 4 is a perforated partition 
5 surrounding the cathode. The metallic sodium collects in the annular 
cathode space and passes through pipe 6 into the collector 7. Sodium 
chloride is introduced through an opening in the bath cover. 

The disadvantage of this method is the necessity of carrying on the 
process at a comparatively high temperature (610-650° C) which 
complicates the apparatus. 

In the free state sodium is a silvery-white metal with a specilic 
gravity of 0.97, and a melting point of 97.7° C. Sodium is so soft that 
it can easily be cut with a knife. It is readily oxidized in the air, and 
for that reason is usually kept under kerosene. 

Metallic sodium is quite widely used. It serves as a raw material 
for the preparation of sodium peroxide and sodium amide and is 
employed also for the synthesis of many organic compounds. In the 
laboratory sodium is often used to remove the last traces of moisture 
from certain organic solvents. 

With mercury sodium forms a solid alloy, sodium amalgam, which 
is sometimes used as a reductant instead of the pure metal. 

Sodium forms two compounds with oxygen, sodium oxide Nas0 
and sodium peroxide Nas0s. 

Sodium ozide Na»0 can be prepared by passing a moderate quantity 
of oxygen over sodium heated to not over 180°, or by heating sodium 
peroxide with metallic sodium: 


Na,0; + 2Na =2Na,0 


Sodium oxide reacts violently with water, giving sodium hydroxide 
and releasing a large amount of heat: 


Nas0 + H,0 =2NaOH 


Sodium perozide Nas0s results when sodium is burnt in the air or 
in oxygen. In industry sodium peroxide is prepared by heating me- 
tallic sodium in flat aluminium dishes inside an iron tube through 
Which a stream of air freed from carbon dioxide is passed. The re- 
sulting product is a yellow powder and contains about 93 per cent 
Na 0. 

Sodium peroxide is a very powerful oxidant. Many organic sub- 
stances burst into flame when brought into contact with it. 

If sodium peroxide is carefully dissolved in cold water the resulting 
solution will contain sodium hydroxide and hydrogen peroxide. The 
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reader will recall that all peroxides are now regarded as salts of 
hydrogen peroxide, a very weak acid. Therefore, the reaction between 
sodium peroxide and water is essentially the hydrolysis of the salt 
of a weak acid and a strong base: 


Naz0,4-2H,0 Z: H.0,4-2NaOH 
0:4 2H,0 2 H.02-+20H’ 


If this solution is heated, oxygen will be liberated due to decomposi- 
tion of the hydrogen peroxide. 
Dilute acids also react with sodium peroxide to give hydrogen 
peroxide: 
Na0;, + H,S0,= Na.S0, + H20: 
0: +2H:=H,0: 


Owing to the formation of hydrogen peroxide when Nas0s2 is dis- 
solved in water orin dilute acids, sodium peroxide is widely used for 
bleaching fabrics, wool, silk, straw, feathers, bones, etc. 

Of great importance is the reaction between sodium peroxide and 
carbon dioxide: 

2Nas0, + 200,=2Na,CO, 4-0, 
De +2e" =20"" 
0:- —2e- =0; 


‘This reaction forms the basis for the use of sodium peroxide in 
oxygen breathing (or self-contained) gas masks, as well as in sub- 
marines for absorbing the carbon dioxide exhaled by people and at 
the same time supplementing the supply of oxygen in the air. 

Sodium hydroxide NaOH is a white solid, very hygroscopic, melting 
at 328° C. Owing to its strong corrosive effect on fabrics, skin, paper 
and other organic substances it is also called caustic soda. 

Sodium hydroxide dissolves in water, liberating a large amount 
of heat owing to the formation of various hydrates. Sodium hydroxide 
must be kept in well-stoppered vessels, as it readily absorbs carbon 
dioxide from the air, turning gradually into sodium carbonate. 

‘The chief method of preparation of caustic soda is by the electrolysis 
of aqueous solutions of common salt. When current is passed through, 
hydrogen ions are discharged at the cathode, leaving hydroxyl-ion 
in solution, which accumulates (cf. p. 529) and forms sodium hydrox- 
ide; chlorine is liberated at the anode. It is very important to keep 
the electrolysis products from mixing, for if they do, the sodium 
hydroxide will react with the chlorine to form NaCl and NaClO: 


Cl, + 2NaOH = NaCl + NaClO -- H,0 


There are several ways of preventing the chlorine from penetrating 
into the sodium hydroxide solution. The most commonly used is 
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the diaphragm method, in which the anode and cathode chambers 
are separated by means of an asbestos partition. In electrolytic baths 
used for the manufacture of sodium hydroxide according to this 
method (Fig. 145) a vertical diaphragm 1, fitting tightly against 
the perforated iron cathode 2, separates the anode chamber 4 from 
the cathode chamber 4. The anodes 5 are graphite rods. As electrolysis 
proceeds a NaCl solution flows continuously into the anode chamber 
and a solution containing a mixture Oe and AOR beens ERE 
fy out of the cathode chamber. NaCl is 
Hydrogen Cp 1orine EAL then crystallized out by evapora- 
Putin tion, leaving an almost pure solu- 
tion of alkali. The latter is decanted 
from the NaCl and evaporated to 
remove all the water. The resulting 
NaOH is melted and poured into 
moulds. The by-products in the 
manufacture of sodium hydroxide 
are chlorine and hydrogen. 
Electrolysis of the NaC] solution 
proceeds somewhat differently if 
metallic mercury is used as the cath- 
ode. In this case sodium ions are 
discharged at the cathode instead 
of hydrogen ions. The sodium liber- 
ated dissolves in the mercury, 
forming a liquid alloy, called so- 
dium amalgam.* The amalgam is 
easily decomposed by hot water 
into sodium hydroxide, hydrogen 
and mercury. Thus, with mercury 


Laan 
Fig. 145. Diagram of electrolytic 
bath with vertical diaphragm: 


1—diaphragm; 2—cathode; 3—anode 
chamber; © 4—cathode ° chamber; as the cathode, absolutely pure so- 


Te dium hydroxide can be obtained, 


containing no admixtures of undecomposed sodium chloride. 

Fig. 146 shows the diagram of an arrangement for the preparation 
of sodium hydroxide by the mercury method. The apparatus consists 
of two vessels, namely, the electrolyzer 1, in which the sodium amal- 
gam is formed, and the decomposer 2, in which sodium hydroxide is 
obtained and hydrogen liberated. The bottom of the electrolyzer is 
covered with a layer of mercury. A saturated solution of sodium chlor- 
ide enters the electrolyzer continuously at one side, and an impov- 
erished solution containing less NaCl is discharged at the other. The 
chlorine liberated is discharged at the top, while the sodium amalgam 
keeps flowing continuously into the decomposer 2, where it is broken 


* Containing less sodium than the solid amalgam mentioned on p. 552. 
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down by the hot water entering it. The resulting alkali solution 
flows out through a special outlet, while the hydrogen is discharged 
through a pipe at the top of the decom poser. The regenerated mercury 
is returned to. the electrolyzer 1 by means of a mercury elevator. 

Besides the electrolytic method for the manufacture of caustic soda, 
another, older, method is sometimes employed, consisting in boiling 
a solution of soda with slaked lime 


Na,C0,-- Ca (OH), — J} CaCO, 4 2NaOH 


When the reaction is over, the solution is decanted from the calcium 
carbonate precipitate and the water evaporated, after which the 
resulting sodium hydroxide is fused. 
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Fig. 146. Diagram of apparatus for preparation of caustic 
soda by the mercury method 


Sodium hydroxide is one of the most important products of the 
basic chemical industry. The yearly world output (not counting the 
U.S.S.R.) exceeds 6.5 million tons. It is usually known in commerce 
as caustic soda. Enormous quantities of caustic soda are consumed 
by the oil industry, where NaOH is employed for the purification 
of refined oil products, in the soap industry, in the manufacture of 
paper, textiles, artificial silk and in a number of other processes. 

Sodium Salts. Sodium forms salts with all the known acids. 

As the most important salts of sodium and their uses have been 
described already when discussing the corresponding acids, they are 
only enumerated below. 


NaCl— sodium chloride or common (table) salt (p. 314). 

NasS— sodium sulphide (p. 349). 

NasS0,-10H20—decahydrous sodium sulphate, or Glauber’s salt 
(Pp. 356). 
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NaNOs3— sodium nitrate or Chile saltpetre (p. 394). 
NasCOs -10H20—sodium carbonate or soda (p. 425). 
NasSiOs—sodium silicate, water glass (p. 481). 
NasS20s3 -5H20 —sodium thiosulphate or “hypo” (p. 352). 


Very many sodium salts form crystal hydrates containing consider- 
able quantities of crystallization water. 

All sodium salts will colour a gas flame yellow. This reaction makes 
it possible to detect the presence of very insignificant quantities of 
sodium in any substance. 

209. Potassium (Kalium); at. wt. 39.100. In external appearance 
as well as in physical and chemical properties potassium is very 
similar to sodium, but is even more ac- 
tive. Like sodium it is silvery white in col- 
our, melts at a low temperature, oxidizes 
rapidly in the air and reacts violently 
with water liberating hydrogen. 

Potassium hydroxide, or caustic potash 
iS prepared analogously to caustic soda, 
by the electrolysis of potassium chloride 
solutions. 

Although its action is the same as 
that of sodium hydroxide, it is used much 
more rarely than NaOH, owing to its 
higher cost. The chief consumer of potas- 
sium hydroxide is the soap industry, 
where KOH is used for the preparation 
of liquid green soap. 

Potassium salts greatly resemble so- 
dium salts. They usually crystallize out 
of solution without any water of hydra- 

k tion, while many sodium salts contain 

ENE AN crystallization water. 
on development of oats If introduced into a gas flame potas- 
Sium salts give a characteristic reddish- 
violet colour. If the salt has even an insignificant admixture 
of sodium, this colour is easily masked by the yellow colouring char- 
acteristic of the latter metal. However, the colouring due to the 

potassium becomes quite visible if the flame is observed through a 

blue glass which absorbs yellow rays. 

Potassium salts play an important part in agriculture. Potassium 

is one of the indispensable elements for plant nutrition. The impor- 

- tance of potassium salts for plants has been established by many 
experiments and observations. Fig. 147, for instance, illustrates the 
influence of potassium on the development of oats. The oats were 
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planted in two pots, one of which (the left in the figure) was filled 
wilh soil devoid of potassium salts, while the soil in the other pot 
contained them. The results of the experiment are self-explan- 
atlory. 

Although the soil contains quite considerable quantities of potas- 
sium, the latter is removed from it also in large quantities by certain 
cultivated plants. An especially large amount of potassium is con- 
sumed by ilax, hemp and tobacco. 

Potassium deposits chiefly in the stems of plants, and therefore, 
fertilizing the soil with manure mixed with straw supplements the 
potassium deficiency to a certain extent. But as the stalks of the above- 
mentioned plants are used for industrial purposes, a large part of the 
potassium is, in the long run, removed from the soil, and to supple- 
ment it potassium fertilizers have to be added. 

‘The sources of raw materials for the production of potassium 
fertilizers are natural deposits of potassium salts. 

Such deposits have been found in the U.S.S.R. at Solikamsk. 
Layers of salt, consisting mainly of the minerals carnallite KCl. 
-MeCl,-6H20 and sylvinite KCl.NaCl occur over a large area 
between the upper reaches of the Kama and the Ural foothills. 

The Solikamsk deposits were discovered in the twenties of this 
century. In 1933 an immense potassium mine equipped with up-to- 
date machinery was built and put into operation.Since then the extrac- 
tion of potassium salts has been increasing from year to year. 

The explored reserves of the Solikamsk deposits are well above 
the reserves of potassium salts in all the rest of the world and ensure 
a quite sufficient supply of potassium fertilizers for U.S.S.R. agri- 
culture. 


COPPER SUBGROUP 


Element Symbol elit Lees Arrangement of electrons in layers 
Copper. . .| Cu 63.54 29 2 8 18 1 
Silver . . .| Ag | 107.880 | 47 2 8 18 18 1 
Gold: MLN AAT OTIS U LY. 2 bb) 18 32 18 1 


210. General Features of the Copper Subgroup. The copper subgroup 
includes three elements, copper, silver and gold, which begin the odd 
series of the long periods in the Mendeleyev Table. Like the alkali 
metals, all three elements have one electron each in the outermost 
layer of their atoms; their second last electron layer, however, has 
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a different structure, consisting of eighteen electrons, whereas in the 
atoms of the alkali metals, except lithium, this layer has only eight 
electrons. 

The difference in structure of the second last layer accounts for 
the rather pronounced difference in the properties of the elements 
of these subgroups, depending, apparently, on the relative sizes of 
their atoms. In Table 29 the atomic radii and ionization potentials 
of the elements of the copper Subgroup are compared with those of the 
alkali metals located in the same periods. 


Table 29 


Atomic Radii and lonization Potentials of the Copper Subgroup and the 
Alkali Metals 


Atomic | Ionization Atomic | Ionization 

Element radius, potential, Element radius, potential, 
A 2 A EY? 
Cbppenis a 34s. 1.27 7.72 | Potassium. . . 2:36 4.32 
SHAG <7) ort. 1.44 7.51 Rubidium... 2.53 4.10 
Bold LOL 5 ft 1.44 9.22 Caesium . . . . 2.74 3.87 


The data given in this table show that in the atoms of copper, 
silver and gold the outer electron is much Closer to the nucleus and 
must therefore be attracted by it more strongly than in the atoms 
of the corresponding alkali metals. Accordingly, the ionization po- 
tential, i. e., the energy that has to be expended to tear the electron 
away from the atom, is much higher in the copper Subgroup elements 
than in the alkali metals. Indeed, the alkali metals part with their 
Outer electron very readily, whereas the elements of the copper sub- 
group hold on to it rather tenaciously.That is why they are much more 
difficult to oxidize, and their ions, on the other hand, more easy to 
reduce; they do not decompose water, their hydroxides are compara- 
tively weak bases, etc. At the same time, the 18-electron layer, stable 
in other elements, isnot quite so in these elements, and is capable 
of yielding some of its electrons. Thus, besides its univalent cations, 
Copper also forms bivalent cations, which are even more character- 
istic of this metal. Likewise, the most characteristic compounds of 
gold are those in which it is trivalent. Silver is usually univalent in its 
compounds, but may sometimes be bi- or trivalent. 

211. Copper (Cuprum); at. wt. 63.54. Copper occurs occasionally 
in the native state, but is found mainly as compounds. The most 
important copper ores are chalcopyrite (or copper pyrite) CuFeS;, 
chalcocite (copper glance) CusS, cuprite (red copper ore) CusO0 and 
malachite CuCOs .Cu(OH)z. The total content of copper in the earth's 
crust is comparatively low; it does not exceed 0.01 per cent. 
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High-grade copper deposits have been found in the Urals, in Ka- 
zalkhstan, in the Armenian and Uzbek S.S.R. In 1928 one of the 
largest copper deposits in the world, the Kounrad deposit, was dis- 
covered near Lake Balkhash in Kazakhstan. During the years of 
the Second and Third Five-Year plans the Balkhash Copper Works 
arose there, a huge copper plant, unequalled in Europe. Large copper 
plants have been built also in the Urals and in the Caucasus. 

Copper ores often contain so many impurities, that direct extraction 
of copper from them is uneconomical. Therefore, an especially im- 
portant item in copper metallurgy is the flotation process for ore 
concentration, which makes possible the utilization of very low-grade 
copper ores. 


Copper is reduced from its oxide ores by fusing the latter with sulphur-con- 


taining materials (sulphide copper ore or pyrite). Treatment of sulphide ores, 
however, especially when they contain iron, is much more complex. In this case 
the ore is first roasted to drive off part of the CA? as SO, and to convert the 
iron sulphide in the ore into ferrous oxide FeO. The sulphur dioxide obtained in 


this way is usually utilized for the manufacture of sulphuric acid or for the pro- 
duction of sulphur. 

After roasting, the ore is melted with suitable fluxes in shaft or reverberatory 
furnaces. During this process the greater part of the iron passes into the slag as 
Fo-i0z, while the copper is converted to the sulphide Cu,S which forms matte 
with the remaining iron sulphide, and accumulates at the bottom of the furnace 
under a layer of slag. 

The matte is then treated in converters, operating on the same general 
principles as those used for the production of steel (p. 655), to burn the remaining 
iron out of it. For this purpose air is blown throug the molten matte in the con- 
verter after adding a precalculated amount of sand. 

The chemical processes taking place in the converter are rather complex, 
The iron sulphide contained in the matte is converted into ferrous oxide and 
removed as a silicate slag 


2FeS 4-30, =2Fe0 4 250; 
2Fe0 4-2Si0, =2FeSiO, 


‘The copper is reduced to the metal, probably, as a result of the following 
reactions: 
2Cu,S 4-301=2Cu,0 4-250, 
2Cu,0 + Cu,S = 6Cu 4-50; 


The heat released during this reaction maintains a temperature of 1,100 to 
1,200° C in the converter, making the use of fuel unnecessary. 

Air is blown through until all the copper is reduced, the end point being de- 
termined by the appearance of the flame coming out of the converter. The molten 
copper is poured out of the converter into steel moulds, in which it solidifies 
as thick slabs. 


The raw or blister copper smelted from the ore still contains between 
2 and 3 per cent of various impurities (zinc, nickel, iron, lead, silver, 
gold, etc.) and requires further purification, or refining, which is 
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carried out by the so-called dry, or furnace, method, usually followed 
by electrolysis. 

Furnace refining of blister copper consists in melting it in a stream 
of air. Part of the copper is oxidized to Cus0, which dissolves in 
the molten copper and yields its oxygen for the oxidation of the 
base metal impurities. The excess of CusO0 formed is reduced by 
introducing green wood or reducing gases into the molten mass. 
‘The result is refined copper containing only about 0.5 per cent im- 
purities and suitable for the preparation of bronzes, brasses and 
other alloys. 

For most purposes, and chiefly for the manufacture of electric 
Wires, the copper must be very pure, as even insignificant impurities 
greatly decrease its electrical conductivity, resulting in power losses 
when electricity is transmitted through the wires. Very pure copper 
is obtained from furnace refined copper by electrolysis. 

For electrolytic refining the furnace refined copper is cast into 
thick anode plates which are hung in a bath containing copper sulphate 
solution and connected with the anode of a current source. The cath- 
odes are thin plates of pure copper inserted in the gaps between the 
anode plates and covered with graphite to facilitate removal of the 
copper deposited during electrolysis. Electrolysis is carried out at 
a very low voltage, not over 0.4 volt. Under such conditions only 
copper ions and ions of the metals above copper in the electrochemical 
series (zinc, iron, nickel, etc.) pass into solution from the anode. All 
the other impurities contained in the blister copper sink to the bottom 
of the bath as a precipitate, known as anode slime. Owing to the 
low voltage, only copper ions are discharged at the cathode, and 
thus the latter becomes coated with pure copper. Silver, gold, selenium 
and other valuable elements are extracted from the anode slime. 
The value of these substances is often high enough to cover all the 
costs of production, and therefore copper containing noble and rare 
elements is always refined electrolytically. 

Pure copper is a ductile tough metal of a light red colour readily 
rolled into thin sheets. The specific gravity of copper is 8.9 and its 
melting point is 1,083.2° C. Copper is an excellent conductor of heat 
and electricity, second only to silver in this respect. In dry air copper 
hardly undergoes any change, as the very thin oxide film which forms 
On its surface (and darkens the copper) protects it effectively from 
further oxidation; but in the presence of moisture and carbon dioxide, 
the surface of copper becomes coated with a greenish deposit of basic 
copper carbonate Cus(OH)2COs. If heated in air copper turns into 
black cupric oxide which decomposes at a higher temperature, losing 
oxygen and passing into cuprous oxide Cus0. 

Owing to its high thermal and electrical conductivity, malleability, 
good casting properties, high tensile Strength and resistance to 
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corrosion, copper is widely used in industry, being second in exten- 
siveness of application only to iron. In 1954 the copper extracted in 
the capitalist countries amounted to 2.9 million tons. 

Immense quantities of pure electrolytic copper (about 40 per cent 
of the entire copper output) are used for making electric wires and 
cables. More or less pure copper is employed to manufacture various 
industrial apparatuses, such as boilers, evaporation tanks, stills, etc. 
Various alloys, containing copper in combination with other metals, 
are widely used in machine-building, as well as electrical engineering 
and other branches of industry. The most important of these alloys 
are brasses (alloys of copper and zinc), bronzes (alloys of copper and 
tin), nickel silver (65 per cent copper, 20 per cent zinc and 15 per cent 
nickel) and German silver (80 per cent copper and 20 per cent nickel) 
which resemble silver in appearance, constantan (60 per cent copper 
and 40 per cent nickel), used for resistance boxes and thermocouples, 
and many others. 

As to chemical properties, copper is a metal of low activity, al- 
though it will unite directly with oxygen, sulphur, the halogens and 
several other elements. 

Situated below hydrogen in the electrochemical series, copper does 
not displace it from acids. For this reason hydrochloric and dilute 
sulphuric acids by themselves will not attack copper. However, in 
the presence of atmospheric oxygen, copper dissolves in them giving 
the corresponding salts: 


2Cu + 4HC] 4-0, = 2CuCl, 4-2H,0 


This reaction may be thought of as proceeding in two steps: first, 
lhe oxygen oxidizes copper into cupric oxide, then cupric oxide, 
like any other basic oxide, reacts with hydrochloric acid to form a 
salt and water. Under such conditions even the weakest acids are 
capable of gradually dissolving copper. Copper dissolves readily in 
nitric acid and in concentrated sulphuric acid if heated. 

All volatile copper compounds colour the non-luminous flame of 
a gas burner blue or green. 

Copper forms two series of compounds, derivatives, respectively, 
of its two oxides, cuprous oxide CusO0 and cupric oxide CuO. In the 
first series of compounds copper is univalent, in the second, bivalent. 
The compounds of univalent copper are as a rule less stable than 
those of bivalent copper and are of little practical importance. 


Compounds of Univalent Copper. Cuprous ozide CuO occurs in nature as cu- 
prite, or red copper ore. It can be prepared by heating a solution of any cupric 
Salt With an alkali and some strong reducing agent, say formalin or grape sugar. 
At first a yellow precipitate appears, with respect to which it has not yet been 
established whether it is cuprous hydroxide CuOH or an amorphous gel of cu- 
prous oxide. When heated more intensely the precipitate passes into red cuprous 
oxide. 


363881 
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Cuprous oxide can be prepared also by calcining copper in the air. The black 
cupric oxide formed at first decomposes at about 800° C into red cuprous oxide. 
Hydrochloric acid converts cuprous oxide into a colourless solution of Cu- 
Prous chloride CuCl. If this solution is poured into water the cuprous chloride 
precipitates out as white insoluble curds. Cuprous chloride can be obtained 
also by boiling a solution of CuCl, with hydrochloric acid and copper turnings: 


CuCl, + Cu =2CuCl 


One more stable compound of univalent copper should be mentioned. This 
is cuprous sulphide CusS, resulting when copper combines directly with sulphur. 


Compounds of Bivalent Copper. Cupric ozideCuOis a black substance, 
usually prepared by heating copper cuttings, filings or turnings in 
the air to redness. It can easily be obtained also by calcining certain 
copper salts, such as basic copper carbonate (Il) Cu2(OH)2C0s3 or 
copper nitrate (II) Cu(NO 3)2.* Cupric oxide is a rather active oxi- 
dant. When heated with various organic substances cupric oxide 
oxidizes them, converting the carbon into carbon dioxide and the 

Ydrogen into water, itself being reduced to metallic copper. This 

eaction is widely used for the so-called elementary analysis of or- 
ganic substances for determining their carbon and hydrogen content. 

Cupric hydroxide Cu(OH)s precipitates out of solutions of cupric 
Salts, when treated with alkalis, as a light blue jelly-like mass. If even 
gently heated and even under water it decomposes into black cupric 
oxide. 

Cupric hydroxide is a very weak base. Therefore, solutions of bi- 
valent copper salts mostly react acid, and with weak acids copper 
forms basic salts. 

The most important salts of bivalent copper are the following: 

1. Copper sulphate (II) or cupric sulphate CuSO; is a white powder 
in the anhydrous state but turns blue upon absorbing water, and is for 
that reason often used to detect traces of moisture in various organic 
liquids. Aqueous solutions of copper sulphate possess a light blue 
Colour, characteristic of hydrated [Cu(Hz0);,]"--ion. That is why all 
dilute solutions of bivalent copper salts have the same colour, unless 
they contain coloured anions. Copper sulphate crystallizes out of 
aqueous solutions with five molecules of water, as transparent blue 
crystals in the triclinic system. In this form it is known as blue 
vitriol. 

Blue vitriol is prepared by dissolving copper scrap either in hot 
concentrated sulphuric acid or in warm dilute sulphuric acid with free 


* A Roman numeral in parentheses after the name of the salt is used to denote 
the valency of the metal (cations) contained in it, when the metal possesses 
variable valency, and the name of the salt does not indicate which valency is 
meant. For instance: CuCl is copper chloride (1) or Ccuprous chloride; CuCl, is cop- 
per chloride (I) or cupric chloride; Fe(SO,), is iron sulphate (III) or ferric 
sulphate, etc. 
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access of oxygen. Blue vitriol is used for copper plating, for the manu- 
facture of certain mineral paints, as a pesticide for plants in agri- 
culture. 

2. Copper chloride (II) or cupric chloride CuCl, .2H,0 forms dark 
green crystals, readily soluble in water. Is usually prepared by dissolv- 
ing basic copper carbonate in hydrochloric acid. Very concentrated 
solutions of CuCl2 are green in colour, but dilute solutions are blue, as 
usual. Copper chloride (II) colours a non-luminous gas flame intense 
green. 

3. Copper nitrate (Il) or cupric nitrate Cu(NO;)2-3Hs20 is pre- 
pared by dissolving copper in nitric acid. Tf heated, the blue crystals 
of copper nitrate first lose water, and then decompose readily, lib- 
erating oxygen and brown nitrogen oxide and passing into black 
cupric oxide. Is used for the preparation of cupric oxide as well as 
for the manufacture of certain paints. 

4. Basic copper carbonate (I1) CuAOH)2CO; is found in nature as 
the mineral malachite which has a beautiful emerald green colour. 
Can be synthesized by treating solutions of bivalent copper salts 
with soda: 


2CuSO, 4-2Na,C0, + H.0 = } Cu, (OH),CO, 4+ 2Na,S0, 4 CO, 


Is used for the preparation of cupric chloride, for the manufacture of 
blue and green mineral paints and in pyrotechnics. 

5. Copper (cupric) acetate Cu(CH3CO00)s-Hs20 is prepared by 
the action of acetic acid on metallic copper or cupric oxide. The 
commercial product is usually a mixture of basic salts of varying 
composition and colour (green and bluish green). Is used under the 
name of neutral verdigris for the preparation of oil colours. 

The double acetate-arsenite of copper (known as “Paris green”) 
Cu(CH3COO)2-Cus(AsOs)2 is used to destroy agricultural pests. 

Copper salts are employed for the manufacture of a large number of 
mineral paints of various colours: green, blue, brown, violet, and 
black. 

All copper salts are poisonous, and that is why copper pots are 
tinned on the inside to prevent the formation of copper salts. 

Complez Compounds of Copper. A very characteristic property of 
bivalent copper ions is their ability to combine with ammonia mole- 
cules to form what are known as complex ions. 

If ammonia solution is added to a solution of copper sulphate, the 
result is a blue precipitate of the basic salt, which dissolves readily in 
an excess of ammonia, colouring the liquid an intense blue. Addition 
of an alkali to this solution brings down no Cu(OH), precipitate; 
therefore it must be concluded that the solution contains no Cu‘--ion, 
Or contains so little of it, that the solubility product of Cu(OH)s is 
not reached even with a high concentration of hydroxyl-ion. Hence, it 
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Cuprous oxide can be prepared also by calcining copper in the air. The black 
cupric oxide formed at first decomposes at about 800° C into red cuprous oxide. 
Hydrochloric acid converts cuprous oxide into a colourless solution of cu- 
prous chloride CuCl. If this solution is poured into water the cuprous chloride 
precipitates out as white insoluble curds. Cuprous chloride can be obtained 
also by boiling a solution of CuCl, with hydrochloric acid and copper turnings: 


CuCl, 4- Cu= 2CuCl 


One more stable compound of univalent copper should be mentioned. This 
is cuprous sulphide CusS, resulting when copper combines directly with sulphur. 


Compounds of Bivalent Copper. Cupric ozideCuOis a black substance, 
usually prepared by heating copper cuttings, filings or turnings in 
the air to redness. It can easily be obtained also by calcining certain 
copper salts, such as basic copper carbonate (II) CuxOH)2COs or 
copper nitrate (II) Cu(NO s)2.* Cupric oxide is a rather active oxi- 
dant. When heated with various organic substances cupric oxide 
oxidizes them, converting the carbon into carbon dioxide and the 
hydrogen into water, itself being reduced to metallic copper. This 
reaction is widely used for the so-called elementary analysis of or- 
ganic substances for determining their carbon and hydrogen content. 

Cupric hydroxide Cu(OH)2 precipitates out of solutions of Cupric 
salts, when treated with alkalis, as a light blue jelly-like mass. If even 
gently heated and even under water it decomposes into black cupric 
oxide. 

Cupric hydroxide is a very weak base. Therefore, solutions of bi- 
valent copper salts mostly react acid, and with weak acids copper 
forms basic salts. 

The most important salts of bivalent copper are the following: 

1. Copper sulphate (II) or cupric sulphate CuSO is a white powder 
in the anhydrous state but turns blue upon absorbing water, and is for 
that reason often used to detect traces of moisture in various organic 
liquids. Aqueous solutions of copper sulphate Possess a light blue 
colour, characteristic of hydrated [Cu(H20)]---ion. That is why all 
dilute solutions of bivalent copper salts have the same colour, unless 
they contain coloured anions. Copper sulphate crystallizes out of 
aqueous solutions with five molecules of water, as transparent blue 
crystals in the triclinic system. In this form it is known as blue 
vitriol. 

Blue vitriol is prepared by dissolving copper scrap either in hot 
concentrated sulphuric acid or in warm dilute sulphuric acid with free 


* A Roman numeral in parentheses after the name of the salt is used to denote 
the valency of the metal (cations) contained in it, when the metal possesses 
variable valency, and the name of the salt does not indicate which valency is 
meant. For instance: CuCl is copper chloride (TD) or cuprous chloride; CuCl, is cop- 
per chloride (II) or cupric chloride; Fe(SO,); is iron sulphate (III) or ferric 
sulphate, etc. 
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access of oxygen. Blue vitriol is used for copper plating, for the manu- 
facture of certain mineral paints, as a pesticide for plants in agri- 
culture. 

2. Copper chloride (Il) or cupric chloride CuCl, .2H,0 forms dark 
green crystals, readily soluble in water. Is usually prepared by dissolv- 
ing basic copper carbonate in hydrochloric acid. Very concentrated 
Solutions of CuCls are green in colour, but dilute solutions are blue, as 
usual. Copper chloride (II) colours a non-luminous gas flame intense 
green. 

3. Copper nitrate (Il) or cupric nitrate Cu(NO;)2-3H20 is pre- 
pared by dissolving copper in nitric acid. If heated, the blue crystals 
of copper nitrate first lose water, and then decompose readily, lib- 
erating oxygen and brown nitrogen oxide and passing into black 
cupric oxide. Is used for the preparation of cupric oxide as well as 
for the manufacture of certain paints. 

4. Basic copper carbonate (Il) CuAOH)2C0O; is found in nature as 
the mineral malachite which has a beautiful emerald green colour. 
Can be synthesized by treating solutions of bivalent copper salts 
with soda: 


2CuSO, + 2Na,CO, + H,0 = { Cu, (OH),C0; + 2Na,S0, 4+ CO, 


Is used for the preparation of cupric chloride, for the manufacture of 
blue and green mineral paints and in pyrotechnics. 

5. Copper (cupric) acetate Cu(CH3CO00)2-Hs20 is prepared by 
the action of acetic acid on metallic copper or cupric oxide. The 
commercial product is usually a mixture of basic salts of varying 
composition and colour (green and bluish green). Is used under the 
name of neutral verdigris for the preparation of oil colours. 

The double acetate-arsenite of copper (known as “Paris green”) 
Cu(CH3CO00)2 -Cus(AsO3)2 is used to destroy agricultural pests. 

Copper salts are employed for the manufacture of a large number of 
ee paints of various colours: green, blue, brown, violet, and 

lack. 

All copper salts are poisonous, and that is why copper pots are 
tinned on the inside to prevent the formation of copper salts. 

Complez Compounds of Copper. A very characteristic property of 
bivalent copper ions is their ability to combine with ammonia mole- 
cules to form what are known as complex ions. 

If ammonia solution is added to a solution of copper sulphate, the 
result is a blue precipitate of the basic salt, which dissolves readily in 
an excess of ammonia, colouring the liquid an intense blue. Addition 
of an alkali to this solution brings down no Cu(OH), precipitate; 
therefore it must be concluded that the solution contains no Cu‘--ion, 
Or contains so little of it, that the solubility product of Cu(OH)s is 
not reached even with a high concentration of hydroxyl-ion. Hence, it 
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Cuprous oxide can be Hronezod also by calcining copper in the air. The black 
cupric oxide formed at first decomposes at about 800° C into red Cuprous oxide. 

Hydrochloric acid converts cuprous oxide into a colourless solution of Cu- 
prous chloride CuCl. If this solution is poured into water the cuprous chloride 
precipitates out as white insoluble curds. OE chloride can be obtained 
also DY boiling a solution of CuCl, with hydrochloric acid and copper turnings: 


CuCl, + Cu = 2CuCl 


One more stable compound of univalent copper should be "mentioned. This 
is cuprous sulphide CusS, resulting when copper combines directly with sulphur. 


Compounds of Bivalent Copper. Cupric ozideCuOis a black Substance, 
usually prepared by heating copper cuttings, filings or turnings in 
the air to redness. It can easily be obtained also by calcining certain 
copper salts, such as basic copper carbonate (IT) CuA(OH)2COs or 
copper nitrate (II) Cu(NO 3)2.* Cupric oxide is a rather active oxi- 
dant. When heated with various organic substances cupric oxide 
oxidizes them, converting the carbon into carbon dioxide and the 
hydrogen into water, itself being reduced to metallic copper. This 
reaction is widely used for the so-called elementary analysis of or- 
ganic substances for determining their carbon and hydrogen content. 

Cupric hydrozide Cu(OH), precipitates out of solutions of cupric 
Salts, when treated with alkalis, as a light blue jelly-like mass. If even 
gently heated and even under water it decomposes into black cupric 
oxide. 

Cupric hydroxide is a very weak base. Therefore, solutions of bi- 
valent copper salts mostly react acid, and with weak acids copper 
forms basic salts. 

The most important salts of bivalent copper are the following: 

1. Copper sulphate (II) or cupric sulphate CuSO; is a white powder 
in the anhydrous state but turns blue upon absorbing water, and is for 
that reason often used to detect traces of moisture in Various organic 
liquids. Aqueous solutions of Copper sulphate possess a light blue 
colour, characteristic of hydrated [Cu(H20);]'--ion. That is why all 
dilute solutions of bivalent copper salts have the same colour, unless 
they contain coloured anions. Copper sulphate crystallizes out of 
aqueous solutions with five molecules of Water, as transparent blue 
crystals in the triclinic system. In this form it is known as blue 
vitriol. 

Blue vitriol is prepared by dissolving copper scrap either in hot 
concentrated sulphuric acid or in warm dilute Sulphuric acid with free 


* A Roman numeral in parentheses after the name of the salt is used to denote 
the valency of the metal (cations) contained in it, when the metal possesses 
Variable valency, and the name of the salt does not indicate which valency is 
meant. For instance: CuCl is Ce chloride (1) or cuprous chloride; CuCl, is cop- 
per chloride (II) or cupric c loride;. Fes(SO,)s is iron sulphate (III) or ferric 
sulphate, etc. 
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access of oxygen. Blue vitriol is used for copper plating, for the manu- 
facture of certain mineral paints, as a pesticide for plants in agri- 
culture. 

2. Copper chloride (II) or cupric chloride CuCl, .2H,0 forms dark 
green crystals, readily soluble if water. Is usually prepared by dissolv- 
ing basic copper carbonate in hydrochloric acid. Very concentrated 
solutions of CuCl, are green in colour, but dilute solutions are blue, as 
usual. Copper chloride (II) colours a non-luminous gas flame intense 
green. 

3. Copper nitrate (Il) or cupric nitrate Cu(NOs)s2-3Hs20 is pre- 
pared by dissolving copper in nitric acid. Tf heated, the blue crystals 
of copper nitrate first lose water, and then decompose readily, lib- 
erating oxygen and brown nitrogen oxide and passing into black 
cupric oxide. Is used for the preparation of cupric oxide as well as 
for the manufacture of certain paints. 

4. Basic copper carbonate (II) CuAOH)2COs is found in nature as 
the mineral malachite which has a beautiful emerald green colour. 
Can be synthesized by treating solutions of bivalent copper salts 
with soda: 


2CuSO, + 2Na,C0; + H,0 = } Cu, (OH),C0, 4 2Na,S0, 4- CO, 


Is used for the preparation of cupric chloride, for the manufacture of 
blue and green mineral paints and in pyrotechnics. 

5. Copper (cupric) acetate Cu(CH3CO0)s-Hs20 is prepared by 
the action of acetic acid on metallic copper or cupric oxide. The 
commercial product is usually a mixture of basic salts of varying 
composition and colour (green and bluish green). Is used under the 
name of neutral verdigris for the preparation of oil colours. 

The double acetate-arsenite of copper (known as “Paris green”) 
Cu(CH3CO00)2.Cus(AsO s)2 is used to destroy agricultural pests. 

Copper salts are employed for the manufacture of a large number of 
mineral paints of various colours: green, blue, brown, violet, and 
black. 

All copper salts are poisonous, and that is why copper pots are 
tinned on the inside to prevent the formation of copper salts. 

Complex Compounds of Copper. A very characteristic property of 
bivalent copper ions is their ability to combine with ammonia mole- 
cules to form what are known as complex ions. 

Tf ammonia solution is added to a solution of copper sulphate, the 
result is a blue precipitate of the basic salt, which dissolves readily in 
an excess of ammonia, colouring the liquid an intense blue. Addition 
of an alkali to this solution brings down no Cu(OH), precipitate; 
therefore it must be concluded that the solution contains no Cu‘--ion, 
Or contains so little of it, that the solubility product of Cu(OH)s is 
not reached even with a high concentration of hydroxyl-ion. Hence, it 
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follows that the cupric ions react with the ammonia added to form 
new ions of some kind which give no insoluble compound with OH’ 
ion. At the same time the SO“ ions remain unchanged, as can be 
proved experimentally by adding barium chloride to the ammonia 
solution, this immediately bringing down a precipitate of BaSO;, 
(test for SO’-ion). 

It has been established by investigation that the dark blue colour- 
ing of the ammonia solution is due to the presence in it of the complex 
ions [Cu(NHs)]"", a result of the addition of four ammonia molecules 
to each cupric ion. If the water is evaporated, the [Cu(NHs3),]'" ions 
combine with the SO” ions, and dark blue crystals separate out of the 
solution, their composition being represented by the formula 
[Cu( NHL) ,]SO , - Hs0. 

Thus, when copper sulphate (Il) is treated with ammonia, the 
following reaction takes place: 


CuSO, + 4NH,= [Cu (NH),] 50, 
The ionic equivalent of this reaction is 
{Cue* + 4NH,= [Cu (NH)]"* 


Tons which, like [Cu(NHs),]"", are formed by the addition of neutral 
molecules or other ions capable of ezisting independently in solution to 
the ion in question, are called complez ions. Salts containing such ions 
are referred to as complex salts. Complex acids and complex bases 
are also known, these compounds ionizing in solution into complex 
ions. 

In writing the formulas of complex compounds the complex ion is 
usually enclosed in square brackets.This indicates that when the com- 
pound in question is dissolved in water, the complex ion remains in 
Solution without breaking down into its composite parts. 

Other salts of bivalent copper react with ammonia in a manner 
similar to copper sulphate (II). In all such cases the result is a dark 
blue solution containing the complex ions [Cu(NHs),]*". 

Univalent copper combines with ammonia to give colourless com- 
plex ions of the composition [Cu(NH 3) 2]. 

Cupric hydroxide also dissolves in ammonia, forming a dark blue 
solution which contains [Cu(NH;s),]""-ion and hydroxyl-ion: 


Cu (OH), + 4NH,= [Cu (NH,)]"" + 20H’ 


The resulting solution is capable of dissolving cellulose (cotton wool, 
filter paper, etc.). Tf the cellulose solution is forced through very fine 
apertures into dilute sulphuric acid, the cellulose separates out again 
in the form of fine shiny threads. That is how one of the types of arti- 
ficial silk is made. 
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Cupric hydroxide dissolves also in very concentrated alkali solu- 
tions, forming bluish-violet solutions of cuprites, salts containing 
the complex ion [Cu(OH);,]": 


Cu (OH), + 2NaOH = Na, [Cu (OH),] 
or in the ionic form 


Cu (OH), + 20H’ Z [Cu (0H),]" 


Unlike the copper-ammonia complexes, the Cu'* ions do not add 
electrically neutral molecules in this case, but four negative OH’ ions, 
forming complex anions instead of cations. 

Cuprites are very unstable, and if their alkaline solutions are di- 
luted with water they decompose, releasing cupric hydroxide again as 
a precipitate. Thus, although cupric hydroxide does manifest some 
acidic properties by dissolving in alkalis, these properties are but 
slightly pronounced. 

Of the other complex anions of bivalent copper, mention should be 
made of the ions [CuCl,]", which form in concentrated solutions of 
cupric chloride and account for their green colouring: 


CuCl, 4-201 = [CuCl] 


When the solutions are diluted with water, the [CuCl;]” ions turn 
into ordinary hydrated cupric ions [Cu(H20),]"", changing the colour 
of the solutions from green to blue: 


[CuCl,]” + 4H,0 = [Cu (H,0),]" 4401 


212. Silver (Argentum); at. wt. 107.880. Silver is much less abun- 
dant in nature than copper; its content in the earth's crust is only 
4 x107® per cent. In some places (for instance in Canada) silver is 
found in the native state, but most silver is obtained from its com- 
pounds. The most important silver ore is silver glance (argentite) 
AgsS, followed by horn silver (cerargyrite) AgCl. Silver is present in 
greater or smaller amounts as an isomorphic admixture in almost all 
copper, and especially lead, ores. In the U.S.S.R. silver is extracted 
from silver-lead ores, deposits of which have been found in the Urals, 
the Altai, the Northern Caucasus, Kazakhstan and some other places. 

The world production of silver in 1953 amounted to 5,900 tons (not 
counting the U.S.S.R.). 


When treating copper and lead ores containing silver, the latter is extracte 
in the free state together with the chief metals. It is usually separated from the 
copper in the process of electrolytic refining (See p. 560). To extract silver from 
its alloys with lead one of the following two methods is employed. 

The first method consists in melting the lead containing the silver and then 
allowing it to cool slowly. As the alloy cools, crystals of pure lead appear on its 
surface and are ladled out. After the residue has thus become enriched in silver, 


566 Chapter XIX. First Group of the Periodic Table 


it is oxidized by passing a powerful blast of air through it. The lead is then oxi- 
dized into lead oxide, while the silver remains unoxidized. 

The second method is based on the fact that molten zinc does not mix with 
molten lead, while silver dissolves much better in molten zinc than in lead. 

When zinc is added to molten lead containing silver, the latter passes almost 
entirely into the zinc, which is then ladled out and distilled. The silver left after 
the zinc has been distilled off is purified from a minor admixture of lead in the 
same way a5 in the first method. 


Pure silver is a very soft, ductile metal having a specific gravity 
of 10.49 and a melting point of 960.8° C. It is the best conductor of 
heat and electricity among the metals. 

Silver is not used in the pure form for practical purposes due to its 
softness. It is usually alloyed with a greater or smaller amount of 
copper. Silver alloys are used to make domestic utensils, jewellery 
and silver coins. The content of silver in alloys is indicated by its 
standard. The standard shows how many parts of pure silver are con- 
tained in 1,000 parts of the alloy. In the U.S.S.R. silver wares are 
made of silver of the 875 standard, i. e., containing 87.5 per cent sil- 
ver and 12.5 per cent copper. A considerable part of the silver mined 
is used for plating other metals, which is accomplished at present 
only galvanically. 

Silver is one of the least active metals and is situated almost at the 
bottom of the electrochemical series. It is not oxidized in the air at 
ordinary temperatures or even when heated. The blackening of silver 
objects frequently observed, is due to the formation of black silver 
sulphide Ags»S under the influence of hydrogen sulphide contained in 
the air and,also due to contact with food products containing sulphur 
compounds. j 

Hydrochloric and dilute sulphuric acids do not attack silver. It is 
usually dissolved in nitric acid. 

Silver forms only one series of salts, the solutions of which contain 
colourless Ag" cations. 

Silver ozide Ag20. When solutions of silver salts are treated with 
alkalis one would expect to obtain silver hydroxide AgOH, but in- 
stead, a brown precipitate of silver oxide is thrown down: 


2AgNO;, + 2NaOH =2NaNO, + Ag,0 4- H,0 


Silver oxide dissolves perceptibly in a large quantity of water im- 
parting alkaline properties to the solution. Such a solution will 
colour litmus blue and, like alkalis, precipitates the hydroxide of 
many metals from solutions of their salts. Obviously, the solution 
contains some amount of silver hydroxide AgOH, which is quite a 
strong base. This is confirmed also by the fact that silver salts are 
not hydrolyzed. 

Another oxide of silver is silver perozide Ag20, which forms under 
the action of ozone. 
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The most important silver salts are the following: 

1. Silver nitrate AgNO, known also as lunar caustic, forms col- 
ourless crystals, readily soluble in water. It is prepared by dissolv- 
ing silver in nitric acid and is employed in medicine for cauteri- 
zation, as silver-ion oxidizes organic substances, itself being reduced 
to metallic silver. It serves as a raw material for the preparation of 
other silver compounds, is used in the photographic industry, in the 
manufacture of mirrors and in galvanoplastics. 

2. Silver chloride AgCl forms as a white curdy precipitate, insoluble 
in water and acids, whenever Ag:-ion encounters Cl'-ion. In the 
light, silver chloride gradually darkens, due to decomposition, dur- 
ing which metallic silver is liberated. Silver bromide and iodide 
possess similar properties, but, unlike silver chloride, these two com- 
pounds are yellowish in colour. On the contrary, silver fluoride AgF 
is soluble in water. 

Complex Compounds of Silver. Like copper, silver possesses a pro- 
nounced tendency to form complex compounds. 

Many silver compounds, such as Ag20, AgCl and others, though 
insoluble in water, dissolve readily in ammonia solution. The reason 
for their dissolving is the formation of complex ammonia-silver ions 
[Ag(NHs)2]" when ammonia molecules encounter silver ions. 

In the case, say, of silver chloride, the reaction can be represented 
as follows: 


AgCl 2 Ag +0 
precipitate solution 


2NH, 
L 
[Ag(NHs)s]" 


A certain quantity of Ag’ ions passes into solution from the silver 
chloride, and a dynamic equilibrium is established between them and 
the precipitate. When ammonia is added, its molecules combine with 
the silver ions into complex [Ag(NH)s]" ions, and the equilibrium 
begins to shift continuously to the right until the entire precipitate 
dissolves. Thus, in ammonia solution silver exists as the complex 
cations [Ag(NH ) 2]. But together with them, there is always a cer- 
tain, albeit insignificant, amount of Ag'-ion left in the solution due to 
ionization of the complex ion according to the equation 


[Ag (NHs).]"= Ag’ +2NH; 
If the solution is treated with an alkali, no precipitate will result, 


though solutions of ordinary silver salts, as we have seen above, 
immediately’give a precipitate of Ags20. Evidently, the concentration 
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of silver-ion in the ammonia solution is too small for the solubility 
product value of AgOH (SPAgon=2>.1078) to be reached, even 
if an excess of hydroxyl-ion is introduced. However, if potassium 
iodide is added, a precipitate of silver iodide will be thrown down. 
This shows that Ag--ion is present in solution. No matter how small 
its concentration, it proves to be high enough to form this precipitate, 
as the solubility product of Agl is only 1 x107 16, i.e., much smaller 
than that of AgOH. Likewise, hydrogen sulphide gives a precipitate 
of Ags5, as the solubility product of the latter equals 1 x107". 

According to the above equation, the ionization of [Ag(NHs)s|* 
ions, like the ionization of any other weak electrolyte, obeys the Law 
of Mass Action and can be characterized by a corresponding constant 
referred to as the instability constant of the complex ion: 


= IAgT INH ও 

Kins. = Ag (NEAT *™ $8210 [ 

The instability constants of various complex ions differ greatly 
and may serve as a measure of the stability of the complex. 

Especially stable complex anions result when Ag ions unite with 
CN’ ions. 

If potassium cyanide is added to an AgNO; solution, a white 
precipitate of silver cyanide results: 


Ag’ + CN’ = } AgCN 


In an excess of potassium cyanide the precipitate dissolves readily, 
passing into the complex salt KIAg(CN)s] which exists in solution 
in the form of the ions K* and [Ag(CN)s]’: 


AgCN 4+ KCN = K:[Ag (CN),] 
OF its ionic equivalent 


AgCN 4- CN’ = [Ag (CN):)" 


Tf the solution is evaporated, K[Ag(CN)s] crystallizes out in the solid 
State. 

[Ag(CN)-]'-ion is very stable; its instability constant is 1 x10, 
Therefore, even the addition of potassium iodide to a solution of 
KIAg(CN)2] will not cause Agl to precipitate out. But if acted on 
With hydrogen sulphide, a precipitate of Ag2S separates, owing to 
the exceedingly low solubility product of silver sulphide. 

Complex argenticyanide compounds are used for galvanic silver 
plating, as solutions of ordinary silver salts, when electrolyzed, do 
not give dense adherent layers. When current is passed through the 
argenticyanide solution, silver deposits on the cathode at the expense 
of the insignificant quantity of Ag‘-ion formed due to ionization of 
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the complex anion: 
[Ag (CN)]" = Age + 2CN t 


All silver compounds are readily reducible, liberating metallic 
silver. 

Tf a little glucose or formalin is added as a reducing agent to an 
ammonia solution of silver oxide in a glass vessel, metallic silver is 
deposited as a dense shiny mirror-like layer on the surface of the glass. 
This method is now employed for the manufacture of mirrors as well 
as for silver plating the interiors of the glass vessels used in thermos 
bottles to decrease heat losses due to radiation. 


Photography. Silver salts, especially the chloride and the bromide, owing to 
their ability to decompose under the action of light with the liberation of metal- 
lic silver, are widely used in photography for the preparation of sensitized plates, 
films and papers. 


Fig. 148. Negative (a) and positive (b) 


Photographic plates and films are prepared as follows. A certain amount of 
gelatine is added to a warm solution of silver nitrate, which is then mixed with 
a solution of KBr. Silver bromide and potassium nitrate form according to the 
equation: 

AgNO, + KBr = AgBr-- KNO, 


Owing to the protective action of the gelatine, the silver bromide does not 
precipitate, but remains suspended in a very finely divided state. The resulting 
turbid liquid is referred to as “silver bromide emulsion” (though it would be more 
correct to call it a suspension). As AgBr is not sensitive enough when very finely 
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“divided, the emulsion is left standing for a time in a warm place until it becomes 
ripe, i. e., until the degree of dispersity of the silver bromide decreases and larger 
particles are formed; this increases the sensitivity of the AgBr by hundreds of 
times. 

After ripening, the emulsion is cooled, and the resulting gelatine jelly is 
crushed and washed with water to remove the KNO;. Then it is melted and 
applied to glass plates or celluloid films. All these processes are carried out in 
red light which does not act on silver bromide. 

If a photographic plate is exposed to light it darkens very slowly. However, 
this process can be greatly accelerated by the action on the plate of various sub- 
stances called developers. It is remarkable that a EveIopm is capable of decom pos- 
ing (reducing) silver bromide only after the latter has been exposed to light 
for at least a very short time (fractions of a second). 

To obtain an image of any subject on a photographic plate, the latter is placed 
in a camera and is exposed for a very short time to the rays admitted by the lens 
(rather, by a system of converging lenses) of the camera, which throw an image 
of the subject onto the plate. If the plate is then immersed in a developer solu- 
tion (this being done in a dark room by red light) the exposed parts of the plate 
darken rapidly, and the image of the subject p' Siogre Hho appears on the plate. 
‘This process is called developing. After the image has been developed, it is 
fixed by immersing the plate in a solution of sodium thiosulphate (hypo) 
Na,S203. The undecomposed silver bromide dissolves in this solution, the silver 
and thidsuliphate ions combining into complex ions, probably of the composition 
[Ag(S,0s) ]': 


Ag’ +5,0, =[Ag (S,0,)]" 


This gives the negative, a reversed image, on which the light parts of the sub- 
Ject appear dark and vice versa (Fig. 148a). 

The normal image or positive (Fig. 1486) can be Po from the negative 
“on sensitized paper, EE in the same manner as the plate. For this purpose 
the negative is placed on the paper and exposed to light fora short time, then 
the paper is developed and fixed. 

Some types of paper have silver chloride in their sensitized layer instead of 
silver bromide. Printing on such paper does not require subsequent developing, 
the paper being held in the light under the negative until_a visible image appears 
“on it, after which the print is fixed. 


213. Gold (Aurum); at. wt. 197.0. Gold occurs in nature almost 
exclusively in the native state, mainly, as tiny grains embedded in 
duartz or mixed with quartz sand. The only natural compound of gold 
is gold telluride AuTes. Minor amounts of gold are contained in iron, 
lead and copper sulphide ores. Traces of gold have been detected in 
Sea water. The total gold content in the earth’s crust is estimated at 
5 x1077 per cent. 

The U.S.S.R. has gold deposits in Siberia and the Urals. Major 
gold deposits have been discovered in South Africa, Alaska, Canada 
and Australia. 

The gold is separated from the sand or ground quartz rock either 
by washing with water, which carries off the sand particles as the 
lighter fraction, or by treating the sand with various liquids capable 
of dissolving gold. The most commonly used liquid is a solution of 
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sodium cyanide NaCN, which dissolves gold in the presence of oxy- 
gen, converting it into the complex anion [Au(CN)s]’: 


4Au + 8CN* 4-0, 4+ 2H,0 =4 [Au (CN): ]" + 40H’ 


Gold is usually extracted from the resulting solution by means of 
zinc filings: 
2 [Au(CN)2]’ + Zn = [Zn (CN).]* + 2Au 


The precipitated gold is treated with dilute sulphuric acid to 
separate it from the zinc; then it is washed, dried and freed from 
impurities (mainly silver) by treatment with not concentrated sul- 
phuric acid or by electrolysis. 

The method of extracting gold from its ores by dissolving in 
potassium or sodium cyanide solutions (known as the cyanide method) 
was ‘discovered in 1843 by the Russian engineer P. Bagration. This 
method is now the most widely used in gold metallurgy. 

The world gold output in 1953 (not counting the U.S.S.R.) totalled 
752 tons. 

Pure gold is a bright yellow lustrous metal with a specific gravity 
of 19.35 and a melting point of 1,063° C. Gold is very malleable and 
ductile; it can be rolled into leaves less than 0.0002 mm. thick, and 
one gram of gold can be drawn out into a thread 3.420 metres long. 
Gold is an excellent conductor of heat and electricity, being inferior 
in this respect only to silver and copper. 

Owing to its softness gold is used only in alloys, usually with silver 
or copper. Gold wares usually contain about 58 per cent gold, and 
coins about 90 per cent. 

Chemically gold is an inactive metal. In the air it does not change 
at all even if strongly heated. The acids taken separately do not 
attack gold, but a mixture of hydrochloric and nitric acids (aqua 
regia) dissolves it readily, converting it into AuCls (rather, into 
HIAuCl,]). Gold dissolves just as readily in chlorine water and in 
the solutions of the alkali cyanides. Mercury also dissolves gold, 
forming an amalgam, which is a solid if the gold content exceeds 
15 per cent. 

Gold forms two oxides, aurous ozide Aus0 and auric ozide Aus0s, 
and two corresponding series of compounds. The most important and 
stable compounds are those of trivalent gold (the auric series). 

When dissolved in aqua regia gold passes into chloroauric acid 
HIAuCl,], a complex compound crystallizing into yellow needle-like 
prisms with four molecules of water (the usual commercial gold 
preparation). This acid gives distinctly crystalline salts, such as 
NalAuCl,], the solutions of which contain gold as the complex anion 
[AuCl,]’. 
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It H[AuCl,} is gently heated, HCl is driven off and gold 
chloride (III) or auric chloride AuCls drops out as reddish-brown 
crystals. 

Alkalis react with solutions of chloroauric acid, precipitating 
brown auric hydrozide Au(OH)3, known also as auric acid, as it 
possesses weak acidic properties and forms salts. At 100° C Au(OH); 
loses water and passes into brown auric oxide Aus0 3. 

If gold chloride (III) is heated in a stream of carbon dioxide to 
180° C, gold chloride (I) or aurous chloride AuCl results, this being 
a white substance, slightly soluble in water. From solutions of 
AuCl alkalis precipitate violet aurous oxide Aus0. 


All gold compounds decompose readily when heated, liberating 
metallic gold. 


CHAPTER XX 


Theory of Formation of Complex Compounds 


214, Structure of Complex Compounds. In discussing the elements 
of the copper subgroup we saw that the ions of these elements are 
capable of combining with other ions or neutral molecules (such 
as NH) to form more elaborate “complex” ions. If water is evaporated 
{rom solutions containing complex ions, the latter combine with the 
ions of the opposite sign present in the solution, producing various 
“complex compounds.” 

The formation of complex compounds cannot be explained from 
the standpoint of the conventional theory of valency. Their com- 
position is far from conforming with the valency number employed 
in deriving the formulas of the simpler “binary” compounds, i.e., 
compounds consisting of only two elements. For this reason fruitful 
study of complex compounds became possible only after certain 
new conceptions of valency bonds had been introduced into chemistry. 
These conceptions form the basis of the theory of complex compounds 
suggested in 1893 by Alfred Werner (1866-1919), a professor of 
the Ziirich University. This theory is now known as the Coordination 
Theory. 

According to the coordination theory one of the ions in the molecule 
of any complex compound (usually possessing a positive charge) 
occupies a central position and is called the complex former or central 
ion. In the direct vicinity around it are arranged, or as we say Ccoor- 
dinated, a certain number of ions with charges opposite to that of 
the central ion or electrically neutral molecules, called addends 
and forming the inner coordination sphere of the compound. The rest 
of the ions, not contained in the inner sphere, are farther away from 
the central ion and constitute the outer coordination sphere. 

Fig. 149 shows diagrammatically the structure of the complex 
salt Ks[PtCls]. The complex former in this case is the Pt!* ion and 
a addends are the Cl] ions. The outer coordination sphere contains 

ions. 

To distinguish between the inner and outer spheres in formulas 
of complex compounds, the addends are enclosed in square brackets 
together with the complex former. 
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When a complex compound dissolves in water the outer sphere 
ions split off. For this reason their bond with the central ion is called 
ionogenous. On the other hand, the ions or molecules coordinated 
in the inner sphere (the addends) remain bound to the central ion, 
forming a stable, non-dissociating (or almost so) complex ion. For 
instance, K 2[PtCls] ionizes according to the equation: 


K, [PtCl] =2K: + [PLC ]" 


In most cases complex compounds result from reactions between 
substances in aqueous solutions. But sometimes the complex com- 
pound may form under other conditions. For instance, anhydrous 


Tine Hg 
22 SS 


Fig. 149. Structure of Ks(PLCl,) 


calcium chloride combines directly with ammonia into the complex 
salt [Ca(NH s)s]Cls. 

The question as to which of the ions contained in the complex 
compound belong to the inner sphere and which to the outer, is 
solved by studying the properties of the compound. Consider, for 
instance, the structure of the following complex compounds of plat- 
inum as explained by the coordination theory: 


PLCl,.6NH,; PtCl,.4NHs; PtCl,.2NH,; PtCl,-2KCl 


The first of these compounds, PtCl,-6NHs, is an electrolyte, 
ionized in solution. If treated with silver nitrate, all the chlorine 
contained in it is precipitated as silver chloride. Apparently, all 
four chloride ions are in the outer sphere of the compound, as they are 
easily split off in solution; therefore, the inner sphere consists only of 
ammonia molecules. The structure attributed to this compound is 
therefore [Pt(NH s)s]JCl,. 

The second compound, PtCl,.4NHs3, is also an electrolyte, but 
the electrical conductivity of its solution is lower than that of the 
first compound in solution; hence, it forms less ions. Silver nitrate 
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will precipitate only half the chlorine (i.e., two ions of the four). 
The structure of this compound should therefore be represented as 
[Pt(NH 3) ,Cl2]Cl2. As there are only two chloride ions in the outer 
sphere, only they can split off in solution and be precipitated by 
Silver nitrate. The other two chloride ions are included together with 
the four ammonia molecules in the composition of the inner sphere 
and remain linked to the platinum ion in solution. 

The third compound, PtCl, .2NHs, is a non-electrolyte. Its solution 
practically does not conduct current and gives no precipitate with 
silver nitrate; hence it must be concluded that all four chloride ions 
are part of the inner sphere, together with the two ammonia mole- 
cules. The structure of this compound is expressed by the formula 
[PtU(NH )2Cl,]. As the outer sphere does not contain a single ion, 
this compound will not split off any ions when dissolved. 

Finally, the last compound indicated, PtCl,.2KCl, though an 
electrolyte, gives no silver chloride precipitate when its solutions 
are treated with silver nitrate. It can be established by exchange 
reactions that the solution contains potassium ions. On these grounds, 
the structure of this compound should be represented by the for- 
mula Ki;[PtCls]. In this case all six chloride ions are in the inner 
sphere, whereas the outer sphere consists only of two potassium 
10nS. 

‘To give a more graphic idea of the structure of complex compounds 
they are often represented by elaborated structural formulas, such as: 


[0 [0 CI K+ 
NH, NH, CIF utHCIn 
Pitt Ptt+ 
NH, NH, | MEF 
Ee AE (ol 0 K+ 
[Pt(NH).Cl,] Cl, K, [PLC] 


The total number of neutral molecules and ions linked to the central 
ion in the complex compound is called the coordination number of 
the complex former For instance, in the platinum compounds shown 
above, the coordination number of the complex former, which in 
this case is the Pt4A* ion, equals six. The coordination number plays 
a no less important part in the chemistry of complex compounds 
than the valency numbers of atoms (ions), and is just as fundamental 
4 property of the latter as valency. The coordination number depends 
mainly on the size, charge and electron shell structure of the complex 
former. The most common coordination number is 6; it is found, 
for instance, in iron, chromium, zinc, nickel, cobalt, tetravalent 
Platinum; a coordination number of 4 is characteristic of bivalent 
copper, trivalent gold, bivalent mercury and cadmium. Other co- 
ordinations are sometimes also encountered, but much less frequently 
(for instance 2 in the case of silver and univalent copper). 
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Like valency, which does not always manifest itself in full in the 
‘compounds of an element, the coordination number of a complex 
former may also at times be smaller than usual. Compounds in which 
the maximum coordination number characteristic of the given ion 
is not attained, are termed coordinationally unsaturated. Such 
‘compounds are comparatively scarce among typical complex com- 
pounds. 

The charge on a complez ion equals the algebraic sum of the charges 
on its constituent simple ions. For example: 


Ag’ + 2CN’ = [Ag(CN):]’ (+ 1—2=—1) 
Pt--*- 4+ 60V = [PtCl]" (4 4—6=—2) 


The electrically neutral molecules contained in a complex ion, 
such as NHs3, NO, etc., do not influence its charge. Therefore, in 
determining the charge of a complex ion these molecules need not 
he taken into account. If the entire inner coordination sphere consists 
-of neutral molecules only, the charge on the complex ion equals 
that on the complex former, for example: 


Cu 4 4NH, = [Cu(NH),]"* 


The charge on a complex ion can be judged also by the charges 
‘0n the ions contained in the outer coordination sphere. For instance, 
in the compound Ki,lFe(CN)s] the charge on the complex ion 
[Fe(CN)s]" equals —4, as the outer sphere contains four positive 
singly charged potassium ions, whereas the molecule asa whole 
is electrically neutral. Hence, the charge on the complex former is, 
in its turn, also easy to determine, if we know the charges on the rest, 
of the ions contained in the complex compound. 

Neutral molecules contained in the inner coordination sphere of 
‘a complex compound can be successively displaced by other molecules 
or negative ions. For example, substituting the ammonia molecules 
in the complex cobalt salt [Co(NH 3):]JCls by NO; ions, the following 


compounds can be obtained: 


[Co(NH)sNO:] Cls; [Co(NH;), (NOs).]JCl; [Co(NH)s (NO:)s] 
[Co(NHs), (NO2),] K;  [Co(NH;) (NO;);] Kz; [Co(NO)] Ks 


It is clear that this displacement is accompanied by a gradual 
‘change in the charge on the complex ion, which decreases from +3 
on the [Co(NH:)s]'" ion to —3 on the [Co(NO;s),]"’ ion. 

The platinum compounds described above, viz., [Pt(NH 3) ,Cl2]Cls, 
IPt(NH)2Cl,] and Ka2[PtCls], may also be regarded as products 
Of successive replacement of the ammonia molecules in [Pt(NH;)s]JCl, 
by two, four and six chloride ions respectively. 


|) 
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215. Crystal Hydrates and Double Salts as Complex Compounds. 
Of especial interest is the possibility of ammonia molecules being 
displaced in a complex by water molecules. In the case of chromium, 
for instance, the following series of complex compounds is known: 


[Cr(NHs)s] Cl; [Cr(NHs)sH,0] Cls; [Cr(NHs)s (H,0)2] Cl; 
[Cr(NHs)s (H20),] Cls; [Cr(NH)2 (H,0),] Cls; [Cr(FH,0),] Cls 


The last compound of this series is nothing but the ordinary crystal 
hydrate of chromium chloride CrCls.6Hs0. Therefore, the crystal 
hydrate of chromium chloride is essentially a complex compound, 
which in solution splits off the ions [Cr(Hs20)s]"". 

Crystal hydrates containing six molecules of water are encountered 
very often; for instance, the crystal hydrates of FeCls, NiCl2, AlCls, 
etc. According to the coordination theory the structure of all of them 
is analogous to that of the crystal hydrate of chromium chloride, 
V17.: 

[Fe(H0),] Cls; [Ni(H0),] Clz; [AI(H0),] Cl, 


Likewise, other crystal hydrates should also be regarded as complex 
salts, although part of their water of crystallization may be contained 
in the outer sphere. For instance, the structure of the crystal hydrate 
CuSO; .5H 20 is probably: 

80, 


[Cu(H20),] H,0 
Very close in nature to complex salts are the so-called double 
salts, for instance, ordinary alum: 
KAI(SO,):-12H,0 or K,S0,-Al(S0,),-24H,0 


Like double salts, complex salts are often formed from two simple 
salts and can be represented by formulas analogous to those of double 
Salts. For example: 


AgCN 4 KCN =K [Ag(CN):] or AgCN-KCN 


The chief difference between double and complex salts is that 
upon ionization the former yield all the ions found in solutions of 
the simple salts they consist of: 


KAISO):=K: + Al +250, 
the latter, on the other hand, ionize into complex ions: 
K[Ag (CN):] = K* + [Ag(CN):]’ 


However, no sharp dividing line can be drawn between the two 
types. As we have already seen in the case of silver salts, complex 
ions are themselves capable of ionizing. Depending on the degree 
of ionization compex ions may be divided into more stable and less 
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stable ions. For instance, a solution of the complex salt K ,[Fe(CN)s] 
does not respond to a single test for Fe‘- or CN’ ions; therefore 
the [Fe(CN)s]"” ion ionizes according to the equation 


[Fe(CN),]"” = Fe + 6CN’ 


S0 insignificantly, that it can practically be considered unionized. 
But the presence of silver ions in a solution of [Ag(NH3)]Cl can be 
detected with certain reagents (see §212), showing that the 
[Ag(NH;)-] ion is somewhat more ionized than the [Fe(CN),]“" ion. 
Finally, a solution of the salt K[MgCl3] responds to all tests for 
magnesium- and chloride-ion, viz., alkalis precipitate Mg(OH)s,, 
silver nitrate throws down AgCl, etc. Obviously, the ionization equi- 
librium 
[MgCl.]" = Mg" + 30CY 


favours the left-to-right reaction. On these grounds KI[MgCls] is 
usually regarded as a double salt and its formula is written KCl x 
X MgCl. 

‘Thus, double salts are the same as complex salts with the difler- 
ence that their inner coordination sphere is rather unstable. A greater 
or smaller amount of complex ions are always present in a solution 
of any double salt. 

216. Spatial Arrangement of Coordinated Groups in a Complex Compound. 


It was stated above that each complex former is characterized by a definite 
coordination number, for instance, the coordination number of Put ion is 6, 


a- 
a cr 
© PI“ 
Oc 
Lo © NH, 
Fig. 150. Constitution of the © Fig. 151. Trans-isomer (left) and cis-isomer 
complex ion [PLCls]- (right) 


that of the Cu2+ ion is 4, etc. The fact that different ions have different coordi- 
nation numbers is closely connected with the conception of the spatial arrange- 
ment of the coordinated groups (molecules and ions) around the central ion. 
Studying the isomerism of complex compounds, Werner came to the conclusion 
that when the coordination number equals 6, the coordinated groups should be 
arranged symmetrically around the central ion, forming a regular octahedron 
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(Fig. 150). If all the coordinated groups are identical, as shown in the figure, their 
permutations will not, of course, cause any change in the structure of the complex 
com pound. But if the groups are not identical various arrangements are possible, 
resulting in different isomers. And indeed, experiment shows that, say, the com- 
pound [PtUNHs)» Cl], in which the coordination number of platinum is 6, can 
exist in two isomeric forms differing both in colour and in other properties. The 
Structures of these isomers, according to Werner, are shown diagrammatically 
in Fig. 151. In one case the NH; molecules are located at opposite corners of the 
octahedron (the trans-isomer), while in the other they are situated at adjacent 
peaks (the cis-isomer). Spatial isomerism. of this kind is observed also in a 
number of other complex compounds with six groups in their inner spheres. 


OIPICI] 
Fig. 152. Crystal lattice of Kal[PtClsl 


Werner's assumptions concerning the octahedral structure of 6-coordination 
complex compounds were brilliantly confirmed when the crystals of the corres- 
onding compounds were investigated by X-rays. Fig. 152 shows the crystal 
atlice of the complex salt Ks[PtCls]. Init the complex ions [PtCl,]7™ are sit- 
uated at the corners and face centres of a cube, the chloride ions within the 
complex ion being located at the corners of a regular octahedron. Thus, the 
[PLCls]™™ ion isnot only retained in solution but is also an independent struc- 
tural unit in the crystal lattice. 

In 4-coordination complex compounds the coordinated groups are either 
Situated at the corners of a square, the centre of which is occupied by the complex 
former, or the complex former is at the centre of a tetrahedron and the coordi- 
nated groups at its peaks. 


217. Nature of the Forces Causing Complex Formation. Now that 
we have become acquainted with the structure of complex compounds, 
We may pass over to the nature of the forces causing the chemical 
bond in their complex parts. 

In explaining the formation of complex compounds, reference is 
Now made to the two general theories of formation of chemical com- 
Pounds discussed earlier, namely, the electrostatic theory and the 
theory of covalent bonds. According to the first of these, the bonds 
between the central atom or ion and its addends is due to electrostatic, 
Lion between the particlesand is of a nature analogous to ionic 

Onds. 
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The second theory explains complex formation proceeding from 
the conception of electron pairs binding the addends with the complex 
former, just as in ordinary atomic compounds. 

Let us see, for instance, how the electrostatic theory explains the 
formation of the typical complex salt Ks[PtCle], a product of the 
combination of platinum chloride PtCl, and potassium chloride. 
When platinum reacts with chlorine each platinum atom yields 
four electrons to chlorine atoms, and turns into a Pt4* ion. 

The Pt4* ions unite with the resulting chloride ions to give the 
salt PtCl,: 


te 


ee 
Pt +20], =PtOl, 


But the presence of four CI" ions by no means deprives the Bert 
ion of the ability of influencing other chloride ions. Therefore, if 
there happen to be any in the vicinity, the Pt** ion immediately 
begins to attract them. However, approaching the Pt4* ion, each 
Cl ion is at the same time repelled by the four chloride ions already 
there. If the attractive force of the Pt** ion is greater than the force 
of repulsion, more chloride ions will be added. As they accumulate 
the repulsive force increases, and when it finally exceeds the force 
of attraction, the addition of new ions will cease. In our case, this 
moment arrives when the platinum ion is linked with six chloride 
ions (the four initially combined and two new ones). The resulting 
group, consisting of one Pt! ion and six CI™ ions and containing 
two excess negative charges, is the complex ion [PtCle)™™. Adding 
two positive K* ions which form its outer sphere, the ion turns 
into the complex salt Kos[PtCl]. 

The addition of neutral molecules to the complex former is just 
as simple to explain. It must only be taken into account that usually 
the molecules taking part in the formation of complex ions are those 
with pronounced dipoles (such as H,0, NH). Attracted by the 
electric field of the complex former, these dipoles become orientated 
in a definite manner with respect to it and approach it with their 
oppositely charged poles, forming the complex ion. Inasmuch as 
the mutual repulsion of polar molecules is much weaker than that 
of ions, such complex ions are usually very stable. 

Thus, according to the electrostatic theory, the formation of com- 
plex ions in complex compounds is due to the same electrostatic 
forces that account for simpler binary compounds. The difference 
is only in the mechanisms of these processes. In simple binary com- 
pounds the valency bond appears as a result of the transition of 
electrons from one set of atoms to another, after which the ions 
formed are linked by mutual attraction of the unlike charges. In 
complex compounds, on the other hand, ready-made ions (or polar 
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molecules) are the participants. There is no transition of electrons 
in this case, the ions or ions and molecules being “pulled together” 
electrostatically. The nature of the valency bonds is obviously the 
same in both cases. 

‘The other theory of formation of chemical compounds, the theory 
of covalent bonds, has been applied above to explain the formation 
of the complex ammonium ion from a hydrogen ion and an ammonia 
molecule (§ 136). 


H gs C5, 
H+ -+:N:H = | H:N:H | 


A second example is the formation of the complex anion [BF,]7 
from F- ions and BF molecules: 


EKER 


[#:] + B= i 
F 


In the boron trifluoride molecule the boron atom is linked to the 
{fluorine atoms by six electrons, the number of which increases to 
eight when the [BF] anion is formed, at the expense of the electron 
pair of the fluoride ion. 

The covalent bonds in the complex ions [NH,]* and [BF,]” differ 
only in origin from ordinary covalent bonds due to pairs of common 
electrons. While in ordinary covalent bonds each of the combining 
atoms submits one electron for the pair, in complex compounds the 
bond is due to a pair of electrons which belonged previously to only 
one of the combining atoms. Bonds of this kind are otherwise called 
coordination or donor-acceptor bonds. 

The atom or ion submitting the electron pair for the bond is called 
the donor, while that which accepts the pair is known as the acceptor. 
In the first of the above examples the donor is the nitrogen of the 
ammonia molecule; in the second, it is the fluoride ion. A similar 


role may be played by the oxygen atom in the hydroxyl ion [:0:H]- 
or in the water molecule H:0:H, the chloride ion Bele and, 
generally, any atom or ion possessing “unoccupied” electron pairs. 

The acceptors in the ions [NH,]* and [BF,])_ were, respectively, 
the H* ion, and the boron atom of the BF 3 molecule, which possess 
incomplete electron shells. Generally, acceptors are always atoms 


or ions with incomplete electron shells, i.e., possessing possible orbits 
in their outer electron layer, not occupied by electrons. 


Lev Alexandrovich 
Chugayev 


(1873-1922) 


In concluding, it should be indicated that the anions of ordinary 
oxyacids may also be regarded as complex ions. For instance, the 
Structure of the sulphuric and perchloric acid anions, [SO] 7 and 
[CIO,]7, may be represented as follows: 


| :0:01:0: 
| Hgts 
| oe Jf 


Complex compounds are exceedingly numerous and diverse. They 
are important not only from a theoretical, but also from a practical 
standpoint. In particular, they play a very significant part in the 
development of qualitative and quantitative analysis methods and in 
the production of the chemically pure platinum group metals. 

‘The necessity of systematic studies of complex compounds was 
constantly stressed by D. Mendeleyev. Important studies in this 
connection were carried out as early as the end of last century by, 
Academician Kurnakov, but of especially great significance in th 
investigation of complex compounds were the works of L. Chugayey. 


Lev Alexandrovich Chugayev was born in 1873, in Moscow. He received an 
education at the University of Moscow. 

Chugayev's first studies were devoted to questions of organic chemistry. In 
1903 he published a major work entitled “Investigations in the Field of Terpenes 
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and Camphors”, which gained him his Master’s degree. Soon after Chugayev 
was entrusted with the chair of chemistry at the Higher Technical School of 
Moscow, which gave him the opportunity to considerably extend his research. 
However, here he turned his scientific activities chiefly to the study of complex 
com pounds of copper, nickel, cobalt, iron, silver, platinum and palladium. 

Studying the interaction between various organic substances and inorganic 
compounds, Chugayev discovered many new complex compounds of major 
theoretical importance for proving the coordination theory; at the same time they 
were of great practical interest. Thus, he obtained compounds of nickel and pal- 
ladium with the organic substance dimethylglyoxime which has been used ever 
since in laboratories all over the world for qualitative and quantitative deter- 
minations of these elements. 

In 1907 Chugayev became head of the chair of inorganic chemistry at the Pe- 
tershurg University, where he continued his investigations mainly in the field 
of the platinum group metals. Chugayev’s classical works on the metals of the 

plaLinum group not only enriched science with new facts and new compounds, 
but also outlined the trend of subsequent investigations in this field. Hj 

Another point to Ghugayev's credit was the organization in 1918 of the Plat- 
inum Institute, the works of which have played an important part in the devel- 
opment of the Soviet platinum industry. 


CHAPTER XXI 


Second Group of the Periodic Table 


The second group of the Periodic Table includes elements contain- 
ing two electrons in the outermost layer of their atoms and capable 
of yielding only these two electrons. The typical elements of the 
second group are beryllium and magnesium. They are followed by 
calcium, strontium, barium and radium, elements situated in the 
even series of the long periods and having octets in their second last 
layers. 

The six elements named constitute the main subgroup of the 
second group. The secondary subgroup includes the metals zine, 
cadmium and mercury, situated in the odd series of the long periods 
and having eighteen electrons in the second last electron layers of 
their atoms. 


MAIN SUBGROUP OF THE SECOND GROUP 


Element Symbol REEL TOE Arrangement of electrons in Jayers 
Beryllium . . . | Be 9.013 4 2 2 
Magnesium . . | Mg 24.32 12 28 2 
Calcium . . .. | Ca 40.08 20 2 8 8 2 
Strontium . .. | Sr 87.63 38 2/8 18 8 2 
BEIM as Ba | 137.36 56 2 8 18 | 18 8 2 
Radium... ."7 Ra | 226.05 88 2 8 18 | 32 | 18 8 2 


218. General Features of the Main Subgroup of the Second Group. 
All the elements in the main subgroup of the second group, except 
beryllium, possess distinct metallic properties. In the free state they 
are silvery-white substances, harder than the alkali metals and hav- 
ing rather high melting and boiling points. In specific gravity all of 
them, except radivm, are light metals. Their chief physical constants 
are given in Table 30. 

The two electrons in their outer layer being at a considerable 
distance from the nucleus, the atoms of the main subgroup elements 
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part with them easily, turning into positively charged ions. There- 
fore, in chemical activity these elements are but little inferior to 
the alkali metals. Like the latter, they oxidize quite rapidly in the 
air and are capable of displacing hydrogen from water at ordinary 
temperatures. But beryllium and magnesium react with water very 
slowly, as the hydroxides, resulting from these reactions, are very 
sparingly soluble in water; coating the surface of the metal, the 
hydroxides retard the further progress of the reaction. The other 
four metals react with water more vigorously, as their hydroxides 
are more soluble. 


Table 30 
Chief Physical Constants of the Elements of the Main Subgroup of the Second 
Group 
[ও EK ium] Maene- Stron- | Bari 
CODEFANE Beryllium sn Calcium tym Barium Radium 
Specific gravity 1.82 1.74 1.54 2.6 8.5 5.0 


Melting point, degrees C|1,285 651 851 770 704 960 
Boiling point, degrees C |2,970 1,107 1,440 1,370 1,540 1,140 
Atomic radius, A. . 4 AMAL OOO LS ST 2:40) C2 BMA 


Calcium, strontium and barium of the main subgroup have long 
been known as the alkaline-earth metals. The origin of this name is 
connected with the fact that calcium, strontium and barium hydrox- 
ides, like sodium and potassium hydroxides, have long been known 
as “alkalis” and have alkaline properties; on the other hand, their 
oxides resemble aluminium oxide and the oxides of the heavy met- 
als somewhat in refractoriness, the latter oxides having been known 
formerly as earths. 

Combustion of the alkaline-earth metals always results in normal 
oxides of the type MO. The peroxides, if they form at all, are much 
less stable than those of the alkali metals. 

Calcium, strontium and barium oxides combine directly with 
water to form hydroxides. The solubility of the latter increases rap- 
idly in the order Ca, Sr, Ba, reaching 38 gr. per litre in the case 
of barium hydroxide. The basicity of the hydroxides increases in 
the same order. 

Like the alkali metals, the alkaline-earth metals are capable of 
combining with hydrogen to form hydrides (for instance, CaHs). 

A remarkable tendency of the alkaline-earth metals is that of com- 
bining with nitrogen, this tendency increasing with their atomic 
Weight. The alkaline-earth metals combine slowly with nitrogen 
even at ordinary temperatures to form nitrides. 
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Unlike the salts of the alkali metals, many of the salts of the al- 
kaline-earth metals are but sparingly soluble in water. These include 
the carbonates, sulphates, phosphates and some other salts. 

The alkaline-earth metals are only bivalent in all their compounds. 

219. Beryllium; at. wt. 9.013. Beryllium occurs rarely in nature 
(its content in the earth’s crust is 0.0004 per cent by weight). It is 
contained in several minerals, the most common of which is beryl 
Be 3Al2(SiO,)o. « 

Some varieties of beryl, variously coloured due to traces of admix- 
tures, are precious stones. Such, for instance, are green emeralds, 
bluish-green aquamarines, ete. 

Metallic beryllium is prepared by electrolysis of its fused salts. 
It is a very hard, white, light metal with a specific gravity of 1.82, 
Stable in the air owing to the formation of a protective oxide film on 
its surface. Beryllium is hardly attacked at all by water, but it 
dissolves readily in acids, liberating hydrogen. 

A very characteristic feature of beryllium is that alkalis will also 
“dissolve it to give salts known as beryl lates, in which beryllium 
plays the part of a non-metal: 


Be + 2NaOH = Na, Be0O, 4-H, 
sodium beryllate * 
Metallic beryllium possesses many remarkable properties. Thin 
beryllium plates are good transmitters of X-rays and are therefore 
unequalled for the preparation of the parts of X-ray tubes through 
Which the rays are to pass. Alloys of beryllium with magnesium and 
aluminium are very light and Strong, which accounts for the growing 
use of beryllium in aircraft engineering despite its high cost. Alloyed 
with copper, beryllium gives a very hard bronze, suitable for the 
‘manufacture of excellent springs. 

Highly pure beryllium is used in nuclear reactors. The metal used 
for this purpose must not contain more than gr. of boron per ton 
of beryllium. 

Owing to the valuable properties of beryllium, its production 
Keeps rising rapidly. In 1935 only 5 tons of beryllium ore were mined; 
in 1953 the world production (not counting the U.S.S.R.) was over 
8,600 tons. 

Beryllium ozide BeO is a white, very refractory substance which 
combines with water into beryllium hydroxide. 

Beryllium hydrozide Be(OH)» is pronouncedly amphoteric, which 
distinguishes it sharply from the hydroxides of the typical alkaline- 
earth metals. It is practically insoluble in water, but dissolves read- 
ily both in acids and in alkalis, forming beryllates in the latter 
Case: 


Be(OH), -+-2NaOH = Na,BeO, + 2H,0 
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As the acidic properties of Be(OH)s» are very feeble, beryllates 
are completely hydrolyzed in aqueous solution. 

The majority of beryllium salts, including’ the sulphate, dissolve 
readily in water, while the sulphates of the typical alkaline-earth 
metals are practically insoluble in water. 

220. Magnesium; at. wt. 24.32. Magnesium is rather widespread 
in nature. It is found in large quantities as magnesium carbonate 
in the minerals magnesite MgCOs3 and dolomite MgCO0s.CaCOs. 
Magnesium sulphate and chloride are contained in the potassium 
minerals, kainite KCl.MgS0,.-3Hs30 and carnallite KCl.MgClsx 
XGHs0, and are contained also in sea water, accounting for its bit- 
ter taste. The total content of magnesium in the earth’s crust is 
about 2.95 per cent by weight. 

Magnesium is prepared by electrolysis of fused magnesium chlo- 
ride, or more often by electrolysis of fused carnallite. 

Magnesium is a silver-white, very light metal with a specilic 
gravity of 1.74. It changes little in the air as it rapidly becomes 
coated with a thin film of the oxide, which protects it from further 
Oxidation. 

Although magnesium is far above hydrogen in the e.m.f. series, 
it decomposes water very slowly, as stated above, owing to the for- 
mation of sparingly soluble magnesium hydroxide. Magnesium 
dissolves readily in acids, liberating hydrogen. Alkalis do not act 
on magnesium. When heated, magnesium bursts into flame and 
burns, forming magnesium oxide and a minor quantity of magnes- 
ium nitride Mg,Ns. The light emitted by burning magnesium is 
very bright and very rich in ultra-violet rays. For this reason, magnes- 
ium is sometimes used for illumination in photography. Magnesium 
is used also in pyrotechnics. 

The chief field of application of metallic magnesium is for the 
preparation of various light alloys. The addition of small amounts 
Of other metals to magnesium sharply changes its mechanical prop- 
erties, imparting to the alloy considerable hardness, strength and 
lance to corrosion. Especially valuable properties are pos- 
sSed by the alloy electron (about 90 per cent magnesium, the rest 
being aluminium, zinc, manganese) which, owing to its low specific 
gravity (1.8) and considerable strength, has found wide use in air- 
craft engineering. 

The world production of magnesium, which amounted to but 
Several hundred tons in 1915, reached 23.8 thousand tons in 1938 
(not counting the U.S.S.R.) and 380,000 in 1944 (not counting the 
U.S.S.R.). The present output of magnesium has grown still more in 
connection with the wide use of its alloys in industry. 

The first metallic magnesium plant in the U.S.S.R. was started 
up in 1935. Magnesium was obtained here by electrolysis of magnesium 
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chloride. Later on, Soviet magnesium plants began to work 
almost exclusively on carnallite. The development of the magnesium 
industry in the U.S.S.R. was greatly aided by the investigations of 
Prof. Fedotyev (1874-1934), the founder of the Soviet school of 
electrochemists. In the course of many years P. Fedotyev carried 
on a systematic study of the conditions of electrolysis of magnesium 
salts, and as early as 1915-17 organized the first production of mag- 
nesium at a pilot plant in Petrograd. He participated directly in the 
mastering of the industrial method for the preparation of magnesium. 

Magnesium ozide MgO is usually prepared by calcining natural 
magnesite MgCOz. It is a white loose powder, known more commonly 
as magnesia. Owing to its high melting point (about 3,000° C) tech- 
nical magnesium oxide is used for the manufacture of refractory 
crucibles, pipes and bricks. 

Magnesium hydroxide Mg(OH), is thrown down as a white precipi- 
tate when soluble magnesium salts are treated with alkalis. Unlike 
Be(OH), it possesses only basic properties, being a base of moderate 
strength. Magnesium hydroxide is slightly soluble in water and 
makes it react alkaline. 

‘The most widely used salts of magnesium are: 

Magnesium sulphate MgSO, .7H20, or Epsom salts (see p. 357), 
unlike the sulphates of the alkaline-earth metals, dissolves readily 
in water. The solubility of this salt and its crystalline structure make 
magnesium similar to zinc. 

Magnesium chloride MgCl, -6H20 forms colourless, readily sol- 
uble, deliquescent crystals. The hygroscopicity of unpurified table 
salt is due to insignificant admixtures of MeoCl,. 

Magnesium carbonate MgCOs is found in nature as the mineral 
magnesite. Tf soluble magnesium salts are treated with soda, the 
result will not be the normal carbonate, but a mixture of different 
basic carbonates. This mixture is used in medicine under the name of 
white magnesia. 

Of great industrial importance is the basic salt Mg৪OHC] which 
forms owing to hydrolysis when a magnesium chloride solution is 
evaporated: 

MgCl, + H,0 = MgOHCIl-+- HCl 


The technical product is prepared by mixing magnesium oxide 
With a concentrated aqueous solution of magnesium chloride and is 
called magnesia cement. This mixture hardens after some time, turn- 
ing into a compact, white, readily polishable mass. 

Hardening of the mixture is due to the formation of the basic salt 
according to the equation: 


MgO + MgCl, 4+ H,0 =2MgOHCI 


২ 
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Magnesia cement is used as a binding material in the manufacture 
of millstones, whetstones, various plates, etc. A mixture of magnesia 
cement and sawdust is used under the name of zylolite for flooring. 

Other widely used compounds are the natural silicates of magnes- 
ium: tale MgO .4Si0s-Hs20 and especially asbestos CaO .3MgO0 x 
X4Si0s. The latter, owing to its non-flammability, low thermal 
conductivity and fibrous structure, is an excellent heat insulating 
material. 
| Magnesium salts are contained in small quantities in all soils and 
are necessary for plant nutrition, as magnesium is one of the constit- 
uents of chlorophyll. 

221. Calcium; at. wt. 40.08. Calcium is very widespread in nature 
4S a great variety of compounds. We have already mentioned the 
immense deposits of limestone, chalk and marble, which are the 
natural forms of calcium carbonate CaCOs. Other natural compounds 
found in large quantities are gypsum CaSO; .2Hs0, phosphorite 
Cas(PO,)s and various calcium-containing silicates. The total con- 
tent of calcium in the earth's crust is 3.25 per cent by weight. 

Metallic calcium is prepared by the electrolysis of molten calcium 
chloride. It is a malleable, rather hard, white metal, melting at 
851° C. In the air calcium rapidly. becomes coated with an oxide 
film, and if heated, burns with a bright reddish flame. Calcium reacts 
with cold water rather slowly, but displaces hydrogen rapidly from 
hot water, forming calcium hydroxide. 

Calcium is a very active metal, combining readily with the halo- 
gens, sulphur, nitrogen, and reducing almost all the metals from their 
oxides when heated with them. 

Metallic calcium is added in small quantities to certain bearing 
alloys. 

If heated in a stream of hydrogen, metallic calcium combines with 
the hydrogen to form a hydride. 

Calcium hydride Cal, is a crystalline solid which reacts violently 
with water, liberating hydrogen: 


CaH, + 2H,0 = Ca(OH), 4+- 2H 
2H’ (from the hydride)—2e” =H; 
2H* (from water) -+-2e” =H, 


Owing to its ability to liberate a large quantity of hydrogen 
(44.8 litres for every gram-molecule of CaHs, weighing 42 grams), 
‘Calcium hydride is used under the name of “hydrolyte” for the prep 
aration of hydrogen to fill observation balloons in the field. 

Calcium ozide CaO is a white, very fire-resistant substance, which 
‘Can be melted only in an electric furnace at a temperature of about 
3,000° C. In engineering calcium oxide is usually called quicklime 
‘or burnt lime. The latter name indicates its method of preparation, 
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namely, by calcining or “roasting” calcium carbonate (limestone or 
chalk). 

LLRs is roasted in tall vertical lime kilns. The kiln is charged 
with alternate layers of fuel and limestone and is fired from below. 
When calcined, the calcium carbonate dissociates into carbon dio- 
xide and lime: 

CaCO, = CO,+ CaO — 34.6 Cal. 


Applying the Law of Mass Action to this equation and keeping in 
mind that the concentration of the solids is not included in the ex- 
Pression for the equilibrium constant (p. 199), we find: 


[COs] =K 


As the concentration of a gas can be represented by its partial 
pressure, the resultant expression means that equilibrium is attained 
in the reaction in question at a certain definite partial pressure of 
carbon dioxide. The value of this “equilibrium” pressure for various 
temperatures is as follows: 


Temperature, degrees C . . 500 €00 700 800 900 1,000 
Pressure, mm. Hg i. 0.11 2.35 25.3 168 1773 2,710 


To shift the established equilibrium towards the formation of 
fresh portions of CaO, either the temperature must be raised, or part 
of the COs formed must be removed, to lower its partial pressure. 
If at any definite temperature the partial pressure of the carbon 
dioxide is kept lower than the equilibrium pressure, the decomposi- 
tion of CaCOs will proceed continuously. Therefore, a very important 
factor in roasting limestone is good ventilation of the kiln, promot- 
ing removal of the carbon dioxide and enabling the reaction to be 
carried out at lower temperatures. 

Hf quicklime is treated with water, the latter is first absorbed by 
the porous lumps of lime and then reacts with it, liberating a consid- 
erable amount of heat. Part of the water turns into steam and the 
lumps of lime fall apart into a loose mass of calcium hydroxide: 


CaO + H,0 = Ca(OH), +15 Cal. 


This operation is called “quenching” the lime, and the resulting prod-— 
uct is known in practice as slaked lime. 

Calcium hydrozide Ca(OH), is a strong base, sparingly soluble in 
water; one litre of water at 20°C will dissolve only 1.56 gr. of 
Ca(OH). The saturated solution is called lime water and reacts alkal- 
ine. In the air lime water soon gTOWS turbid, due to the absorption 
of carbon dioxide and the formation of insoluble calcium car- 
bonate. 
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Slaked lime is widely used in the building industry. A mixture'of 
slaked lime with sand and water is called mortar and is used to bind 
bricks in bricklaying, as well as for plastering. Lime hardens at 
first due to evaporation of the water in it, and then as a result of 
the slaked lime absorbing carbon dioxide from the air and turning 
into calcium carbonate 


Ca(OH), + CO, = CaCO, 4+ H.0 


Owing to the low content of carbon dioxide in the air, the mortar 
hardens very slowly, and, as it evolves water in doing 50, structures 
built with the use of mortar remain damp for a long time. 

The most important salts of calcium are: calcium chloride CaCl, 
(p. J17), calcium sulphate CaSO; (p. 357), calcium carbonate 
CaCO: (p. 424), calcium nitrate Ca(NOs)s (p. 394), calcium phos- 
phates (p. 403), calcium acid sulphite Ca(HSOs)s (p. 392) and calcium 
hypochlorite Ca(ClO)2 (p. 322). 

Ovwing to the great abundance of calcium in nature, its salts are 
almost always contained in natural waters. Of the natural salts of cal- 
cium, only gypsum is slightly soluble in water; however, if the water 
contains carbon dioxide, calcium carbonate can also pass into solu- 
tion in the form of the acid carbonate Ca(HCOs3)s. 

Natural water containing a large amount of calcium salts in solu- 
tion in the form of the acid carbonate and the sulphate, as well as 
the corresponding salts of magnesium, is referred to as hard water in 
contradistinction to soft water containing but small quantities 
of calcium salts or not containing them at all. 

Hardness of water caused mainly by Ca(HCO:s)» is called tempor- 
ary or removable hardness, as boiling will cause this salt to decom- 
pose into calcium carbonate which precipitates out, so that the water 
becomes soft. If the water contains CaSO, or MgSO ;, its hardness is 
permanent, and can be eliminated only by distillation or by chemical 
means. In the U.S.S.R. the hardness of water is expressed as the total 
number of milligram-equivalents of calcium and magnesium ions 
per litre of water. One milligram-equivalent of hardness corresponds 
to a content of 20.04 mg. per 1. of Ca‘* or 12.16 mg. per 1. of Mg". 
Prior to 1952 the hardness of water used to be measured in degrees 
of hardness, showing the number of grams of calcium oxide present 
in 100 litres of water. The magnesium content and that of other bi- 
Valent metals was recalculated for an equivalent amount of CaO. 
In terms of the now accepted units of measurement, one degree of 
hardness equals 0.35663 mg.-equiv. of calcium- or magnesium-ion. 

An exemplary computation of the hardness of water is given below. 


Example. Calculate the total hardness of water if it took 10.6 grams of soda 
to remove all the Ca‘-~ion from 50 litres of it. 
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From the equations 


Ca(HCO;), + NaCO, = CaCO, + 2NaHCO, 
CaSO, + Na,CO, = }CaCO, + NaS0, 
we find that one gram-molecule of soda is required for each gr.-ion of calcium, 
making one mg.-equiv. of soda for each mg.-equiv. of Ca*--ion. 

The molecular weight of soda is 106, therefore, one mg.-equiv. weighs 
106 : 2=53 mg. 

‘To precipitate the Ca‘-ion contained in 50 litres of water, 10.6 grams or 
10,600 milligrams of soda were required, which makes 10,600 : 53=200 mg.- 
equiv. 

Obviously, 50 litres of water contain the same number of mg.-equiv, of 
Ua--ion. Hence the hardness of the,Water is 200 : 50=4 mg.-equiv. 


The presence of a considerable amount of calcium or magnesium 
salts in water renders it quite unsuitable for many technical pur 
Poses. 

For instance, if steam boilers are fed for any length of time with 
hard water their walls gradually become coated with a compact 
crust of scale. If only 1 mm. thick, this crust greatly reduces the heat 
transfer through the walls of the boiler, and therefore increases the 
fuel consumption. Besides, it may lead to swellings and cracks in 
the boiler tubes and on the boiler walls. Breaking the scale off by 
mechanical means may injure the boiler. 

Hard water does not froth with soap, as the soluble sodium salts 
of palmitic and stearic acids, contained in the soap, pass into in- 
Soluble calcium salts of the same acids: 

2C,, Hy, COONa 4+ CaSO, = {(C;,H,,C00),Ca + Na,S0, 
sodium stearate calclum stearate 

This continues until all the calcium-ions are removed from the solu- 
tion. That is why the use of hard water in washing clothes leads to 
an excessive expenditure of soap. 

Hard water cannot be used for certain technological processes, for 
instance, in dyeing. 

The above examples illustrate the necessity of carefully purifying 
water intended for technical purposes from calcium and magnesium 
salts. 

Water may be purified by various methods, the most important 
of which are the chemical ones, consisting essentially in the precipi- 
tation of the calcium and magnesium as insoluble salts. The reagents 
most commonly used for chemical purification, are slaked lime and 
soda. Line converts the acid carbonates of calcium and magnesium 
into the insoluble carbonates: 


Ca(HCO;), 4 Ca(OH), = J2CaC0, 4-2H,0 
soda also precipitates calcium and magnesium as carbonates: 
CaSO, + Na,CO, = JCaCO, 4+ Na,S0, 
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In laundries hard water is sometimes softened by means of spirits 
of ammonia, the action of which is similar to that of lime, or by means 
of borax, which precipitates the calcium as calcium borate. 
| A method of softening water which has found wide application in 

industry is by ionic exchange (cationite, permutite or zeolite meth- 
0d). This method is based on the ability of certain alumosilicates of 
the type NasAlsSi20s :nHs0 to exchange the sodium ions contained 
in them for the calcium and magnesium ions present in water, thus 
removing the latter from solution. Such alumosilicates are known as 
zeolites. 

If passed through a layer of finely divided zeolite hard water is 
completely freed of Ca‘-- and Mg':-ion. The reactions which take 
place can be represented schematically by the following equations: 


Na,R 4+ Ca(HCO,),  CaR -+-2NaHCO, 
Na,R 4+ CaSO, = CaR +- Na,SO; 


| where R stands for the complex alumosilicate anion (AlsSis0s X 
Xx nHs0)”. 

When all the sodium in the zeolite is replaced by calcium (or 
magnesium), the zeolite loses its ability to soften water, but can 
easily be regenerated by the action of a concentrated solution of 
NaCl. This causes the reverse reaction to take place, the calcium be- 
ing replaced by sodium. Thus, in this method of softening water 
only sodium chloride, a comparatively cheap product, is consumed. 

Various artificial resins, high molecular organic substances con- 
taining acidic or basic functional groups, can also be employed for 
| abstracting the ions of dissolved substances from water. Resins 
Which can be used as cationites contain carboxyl groups COOH, 
sulpho groups SOsH, and others, capable of exchanging their hydro- 
gen ions for metal ions. Such cationites are called H-cationtites. 
Denoting the molecular radical combined with the functional group 
- by R, the reaction of an H-cationite with metal ions, say, with the 
ions of sodium and calcium, can be represented by the following equa- 
Lions: 

RCOOH + Na’ —: RCOONa -- H: 
2RCOOH 4- Ca** =: (RCOO),Ca + 2H 


As a result of these reactions any solution containing salts (say 
NaCl, CaSO ;,, ete.) is converted into a solution of the corresponding 
acids (HCl, H2S0;,). 

‘To remove the acids the solution is passed through an anionite, 
a resin containing amino groups. The acids are then bound as a result 
of the formation of insoluble salts. Denoting the anionite by the for- 
mula RNHs, the reaction taking place in the case of a solution of 
hydrogen chloride, for example, can be represented by the equation: 

RNH.-+- HCI=[RNH,) Cl 


38_881 
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This method gives practically pure water without the trouble of 
distillation. 

Used up H-cationites and anionites can be regenerated, the first by 
treatment with concentrated sulphuric acid, and the second by treat- 
ment with concentrated sodium hydroxide solution: 


2RCOONa 4 H,S0, =2RCOOH 4- Na,S0, 
[RNH,] Cl NaOH = RNH, 4 NaCl 4 HO 


222. Strontium; at. wt. 87.63. Barium; at. wt. 137.36. Strontium and barium 
are found in nature chiefly as the sulphates and carbonates. They form the min- 
orals: celestite SrSO, strontianite SrCO;, barite BaSO, and witherite BaCOs. 
‘The content of strontium and barium in the earth’s crust is much smaller than 
that of calcium, and equals, respectively, 0.035 and 0.05 per cent by weight. 

Metallic strontium and barium are prepared in the same manner as calcium, 
by electrolysis of their fused chlorides. These metals are very active, oxidize 
rapidly in the air, react quite vigorously with water (especially barium) and 
combine directly with many elements. 

Strontium and barium ozides, SrO and Ba0O, resemble lime. Both metals 
also form peroxides. Barium peroxide BaOs is prepared by heating barium oxide 
in air to approximately 500° C. At a higher temperature it will decompose back 
into the oxide and oxygen. This was the basis of one of the methods of obtaining 
oxygen from air, which has, however, at present, become obsolete, Barium per- 
oxide is used, like sodium peroxide, for bleaching various materials. 

Strontium and barium hydrozides, Sr(OH);, and Ba(OH),, are strong bases, 
more soluble in water than calcium hydroxide: one litre of water at 20°C will 
dissolve 8 gr. of Sr(OH), and 38 gr. of Ba(OH),, while the solubility of Ca(OH), 
at the same temperature 1s only 1.56 gr. per litre. A saturated solution of Ba(OH), 
is known as baryta water, and is often used in the laboratory as a reagent. If a 
solution of barium hydroxide is evaporated, crystals of Ba(OH)s- 3H,0 separate 
out, 

Strontium and barium salts bear a great resemblance to those of calcium. The 
carbonates and sulphates, SrCO,, BaCOs,, SrSO,, and BaSO,, are insoluble in 
water and fall out of solution as precipitates when Sr---ion and Ba‘‘-ion en- 


counter CO;- and SOL-ion. The insolubility of these salts is utilized in analysis 


for separating strontium and barium from other metals. 


A characteristic feature distinguishing the three metals from one another - 


is the colour imparted by their volatile salts to a non-luminous flame. Calcium 
salts colour the flame brick-red, those of strontium, scarlet-red and barium 
salts, yellowish-green. Strontium and barium salts are used in pyrotechnics for 
preparing red and green Bengal lights. 
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The elements of this subgroup, zinc, cadmium and mercury, are 
characterized by the presence of two electrons in the outer layer of 
their atoms and 18 in the second last layer. Although they are not 
capable of gaining electrons, their metallic properties are much 
less pronounced than those of the alkaline-earth metals of the even 
Subgroup. They are less active, oxidize with greater difficulty, do 
not react with water at ordinary temperatures. Their hydroxides 
are insoluble in water and are weaker bases than the hydroxides of 
the alkaline-earth metals, zinc hydroxide being even amphoteric. 

All the elements of the zinc subgroup are bivalent; mercury, be- 
Sides, forms a series of compounds in which it is formally univalent. 

223. Zinc (Zincum); at. wt. 65.38. The most important natural 
compounds of zinc, from which it is extracted, are the minerals 
Smithsonite or dry bone ZnCOs and sphalerite or zinc blende ZnS. The 
total content of zinc in the earth’s crust is 0.02 per cent by weight. 

Most zinc ores contain but little zinc and require concentration. 
Zinc is extracted from the resulting zinc concentrate either by distil- 
lation or by electrolysis. 

The first method depends on the fact that zinc volatilizes and is 

driven off as a vapour when zinc ore is roasted and then reduced with 
coal at 1,300 to 1,400° C. The zinc vapour condenses in earthenware 
receivers. Part of the zinc deposits on the walls of the receiver as 
metallic dust mixed with zinc oxide (“zinc dust”); but most of the zine 
accumulates as a liquid at the bottom of the receiver, from which it 
is tapped into moulds. 
The second method consists in depositing the zinc electrolytically 
from its sulphate. The latter is obtained by treating roasted zinc 
Ores or concentrates with sulphuric acid. The electrolytic method 
Yields a purer product and is more economical than the distillation 
method. 


The electrolytic method of extracting zinc from its ores consists of the follow- 
ing operations: a) roasting the ore, b) preparing the zinc sulphate solution, 
©) electrolysis of this solution. The ore is roasted under conditions calculated to 
convert as much of the zinc sulphide as possible into the sulphate. Part of the 
Sulphide inevitably turns into the oxide, and is converted to the Sulphate b 
the action of sulphuric acid, The resulting zinc sulphate solution is treated vith 
Zinc dust to remove impurities of the more noble metals, situated below zinc 
in the e.m.f. series (cadmium, cobalt, nickel, lead, etc.). Then the solution is 
electrolyzed. The zinc is evolved on an aluminium cathode as a deposit containing 
99.5 per cent zinc, while sulphuric acid forms at the lead anode, Owing to accu- 
mulation of hydrogen-ion and SOLion, in quantities quite sufficient to dissolve 
the subsequent portions of ore. 


[-) 


Zinc deposits have been found in the U.S.S.R. in Kazakhstan, 


he Urals, in the North Caucasus, in Siberia and in the Far 
ast. 


38* 
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Zinc is a bluish-white metal having a specific gravity of 7.14. 
It melts at 419.5° C and vapourizes at 907° C. At ordinary tempera- 
tures zinc is rather brittle. But at 100 or 110° C it becomes quite 
flexible and can be rolled into sheets. In the air zinc becomes coated 
with a thin film of the oxide or the basic carbonate, which protects 
it from further oxidation. Water hardly attacks zinc, although it is 
well above hydrogen in the e.m.f. series. This is due to the fact that 
the hydroxide forming on the surface of the zinc when it reacts 
with water is practically insoluble and checks the further progress 
of the reaction. But in dilute acids zinc dissolves readily, giving 
the corresponding salts. Besides, zinc, like beryllium and other met- 
als with amphoteric hydroxides, is soluble in alkalis. If zinc is 
heated in air to the boiling point, its vapour bursts into flame and 
burns with a greenish-white flame forming zinc oxide. 

The uses of zinc are very diverse. More than half the zinc produced 
is used for coating iron to keep it from rusting (galvanized iron). 
Large quantities are employed in the manufacture of galvanic cells 
and for the preparation of numerous alloys (for instance, brasses). 

The world output of zinc (not counting the U.S.S.R.) amounted 
to 2.1 million tons in 1954. Up to the beginning of the First Five- 
Year Plan zinc was produced in but insignificant quantities in the 
U.S.S.R. (a few thousand tons per year). During the years of the 
pre-war five-year plans the zinc output increased greatly and grew 
especially during the post-war period. 

In 1955 zinc production increased twofold compared with 1950. 
This was achieved both by starting up new plants and by consider- 
ably intensifying the work of earlier installed equipment. During the 
Sixth Five-Year Plan a further 77 per cent increase of the zinc output 
has been envisaged. A very important factor for the successful fulfil- 
ment of this task is the use of the fluidized roasting process for zinc 
concentrates. 

“Fluidized bed” roasting. The so-called “fluidized bed” roasting 
process for finely divided solids has lately found wide application 
in various branches of industry. This method consists in the following. 
A stream of air (or some other gas) is blown upwards through a 
layer of powdered material on a grating, at a high enough rate for 
the stream to penetrate the material and agitate it intensively, so 
that it appears to be boiling. This condition of the solid material 
is often called “fluosolid,” as only substances in the fluid state can 
boil. 

Owing to the intimate contact attained between the solid material 
and the gas, chemical reactions in the “fluosolid” state proceed at 
a very high rate. “Fluidized bed” roasting increases the output 
of roasting ovens at zinc plants three- to fourfold, and results in 
more complete recovery of the zinc from its concentrates. 
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This method is very effective for roasting sulphide ores and con- 
centrates, for sublimation of low-boiling metals, for calcining, cool- 
ing, drying and chlorination of various substances. 

Zinc oxide ZnO is a loose white powder which turns yellow it 
heated, but becomes white again when cooled. Zinc oxide is used for 
the preparation of white oil paint (zinc white); in medicine and cos- 
metics; for the preparation of various ointments; a considerable part 
of the zinc oxide produced is consumed by the rubber industry as a 
rubber filler. 

Zinc hydroxide Zn(OH)s is thrown down as white precipitate when 
solutions of zinc salts are treated with alkalis: 


Zn" + 20H’ = LZn(OH), 


The precipitate dissolves readily in acids to form zinc salts (for 
example, ZnCl), but will dissolve also in alkalis, forming zincates, 
salts of zincic acid. Hence, zinc hydroxide is amphoteric. 

Formerly zincates were considered to have a composition cor- 
responding to the formula NasZnOs2. At present they are regarded 
as salts containing the complex ion [Zn(OH);s]’. Salts of this kind 
are known as hydroxysalts in contradistinction to salts containing 
such anions as SO, CO, NO;, etc., referred to as oxysalts. 
Hydroxysalts are obtained by the action of an excess of alkali on 
the corresponding hydroxides, resulting in complex compounds: 


Zn(OH), + OH’ = [Zn(0H).]" 
or in the molecular form 
Zn(O0H),-- NaOH = Na [Zn(OH),] 


Analogous hydroxysalts are formed when certain other amphoteric 
hydroxides are treated with alkalis. 

Dissolving metallic zinc in alkalis also gives zincates. This reaction 
is usually represented by the equation 


Zn + 2NaOH = Na,Zn0, + H, 


However, actually the course of the reaction is probably somewhat 
different. As has been stated already, metallic zinc does not practical- 
ly react with water, owing to the formation of a Zn(OH)s film on its 
surface, checking the further progress of the reaction. But alkalis 
dissolve zinc hydroxide, converting it into the complex anion. 
[Zn(OH)s)', and the zinc, in accordance with its position in the 
e.m.f. series, begins to displace hydrogen from the water. Thus, 
the liberation of hydrogen during the action of an alkali solution 
on zinc is due to the reaction between the zinc and the hydrogen ion 
of the water, and not the hydroxyl ion of the alkali; the role of the 
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latter consists in dissolving the resulting zinc hydroxide: 
Zn -+2H,0 = Zn(OH), 4-H, 
Zu(OH), + OH’ = [Zn(0H), ]" 
Zn + 2H.0 + OH = [Zn(OH),) + HE 


or in the molecular form: 
Zn + 2H,0 4- NaOH = Na [Zn(0H),] + He, 


Zinc hydroxide is soluble also in ammonia solution, due to the 
formation of the complex ion [Zn(NHs),]" : 


Zn(OH), 4-4NH, = [Zn(NH,),]"* + 20H" 


The most common zinc salts are: 

1. Zinc sulphate ZnSO, crystallizes out of aqueous solution as 
a crystal hydrate of the composition ZnSO,.7Hs0, in which form 
it is known as white vitriol. Is used in dyeing and cotton printing, 
for the preparation of metallic zine by electrolysis and in medicine 
As an astringent. It is also an initial material for the preparation 
of other zinc compounds. 

2. Zinc chloride ZnCl. Solutions of this salt are used for impreg- 
nating railway ties to protect them from rotting. Zinc chloride is 
used also in soldering. It cleanses the surfaces to be soldered from 
oxides and prevents oxidation of the metal at the moment of sol- 
dering. 

Some zinc chloride is employed in the manufacture of vegetable 
parchment paper. The unglued paper is treated with a concentrated 
solution of zinc chloride which partially decomposes the surface 
layers of the cellulose, filling the pores of the paper with the decom- 
position products. Then the paper is thoroughly washed and treated 
with a solution of glycerine to make it soft and flexible. 

J. Zinc sulphide ZnS. This compound is one of the few metal 
sulphides having a white colour. 

Zinc sulphide results as a white precipitate when zinc salts are 
treated with alkali sulphides: 


Zn‘: +S’ = }Zns 


A mixture of zinc sulphide and barium sulphate is used as a white 
paint, known as lithopone. 

224. Cadmium; at. wt. 112.41. Cadmium resembles zinc greatly 
in properties and is constantly associated with it in its natural com- 
pounds. 

Cadmium is much less abundant than zinc; its content in the 
earth's crust amounts to only 5 X10-* per cent by weight. 

Cadmium is extracted as a by-product in the production of zinc. 
As cadmium (b.p. 767° C) is more volatile than zine (b.p. 907° C) 
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and cadmium oxide is more easily reduced than zinc oxide, cadmium 
distills off first when zinc ores are reduced and can thus be separated 
from zinc. 

In the free state cadmium is a white metal with a specific gravity 
of 8.65 and a melting point of 320.9° C. Cadmium stands below zinc 
in the e.m.f. series, but above hydrogen, and therefore displaces the 
latter from acids. 

Metallic cadmium is used in electrical engineering for the manu- 
facture of copper wires subject to friction against sliding contacts 
(for instance, tram and trolleybus wires). 

Admixtures of cadmium improve the mechanical properties of 
copper, prolonging the lifetime of the wires and at the same time 
scarcely decreasing the electrical conductivity of the copper. Cad- 
mium is also a composite part of fusible alloys used, for instance, 
in automatic fire extinguishers. It is added to type alloys to increase 
their lifetime and to lead-tin solders. Lately , cadmium has been em- 
ployed quite extensively for coating iron (cadmium plating). Cad- 
mium is used also in alkaline storage batteries (see § 256) as a sub- 
stitute for nickel. 

As cadmium has a great affinity for neutrons, cadmium rods 
arc used in nuclear reactors (see § 267) to regulate the rate of the 
chuin reaction. 

If strongly heated, cadmium will burn, turning into brown cad. 
mium ozide CdO. 

Cadmium hydroxide CA(OH)s, unlike zinc hydroxide, is insoluble 
in alkalis, showing that it is basic in nature. 

An especially important cadmium compound is cadmium sulphide 
CdS, which separates out as a yellow precipitate when hydrogen 
sulphide is passed through solutions of cadmium salts. Cadmium 
sulphide is an excellent yellow paint. 

‘The production of cadmium in the capitalist countries in 1959 
totalled 6,800 tons. 

225. Mercury (Hydrargyrum); at. wt. 200.61. Mercury is not 
abundant in nature; its content in the earth’s crust is only 5x107t 
per cent by weight. Mercury occurs rarely in the native state, embed- 
ded in rocks, but is mainly found in nature as the sulphide HgS, 
known as cinnabar. This mineral is bright red and is used as a red 
paint. 

The richest deposits of cinnabar have been discovered in Spain 
(Almadén) which hold about 80 per cent of the world’s resources 
of mercury. The output of mercury in the capitalist countries in 
1952 totalled 5,000 tons, of which Spain and Italy accounted for 
more than two-thirds. In the U.S.S.R. mercury ores have been found 
in the Donets Basin, where they have been mined for a long 
time. 
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Metallic mercury is extracted from cinnabar by simple roasting in 
special furnaces. The sulphur burns to form sulphur dioxide and the 
mercury comes off as vapours and is condensed in a cooled receiver: 


HegS 4+ 0,= Hg + S0, 


Mercury is the only liquid metal at ordinary temperatures. It 
freezes at —38.87° C and boils at 356.9°; its specific gravity is 13.55. 

Metallic mercury has a variety of applications. It is used to fill 
various physical instruments, such as barometers, thermometers, 
etc. Owing to its very high specific gravity, mercury is quite indis- 
pensable in many experiments involving gases. Large quantities 
of mercury are consumed in the preparation of mercury fulminate, 
used to make the so-called “initiating” explosives for filling detonat- 
ing fuses, including ordinary percussion primers. Mercury is employed 
also for separating native gold from its non-metallic admixtures. 

Mercury is capable of dissolving many metals to form liquid or 
Solid alloys called amalgams. This often results also in the formation 
of various chemical compounds of mercury with the metals. 

Sodium amalgam is widely used as a reducing agent. Tin and silver 
amalgams are used in dentistry for filling teeth. 

Gold amalgamates with especial readiness, and therefore gold 
objects should never be allowed to come into contact with mercury. 
Iron does not form amalgams, and so mercury may be transported 
in iron vessels. 

The mercury of commerce usually contains metallic impurities, 
most of which can be removed by shaking with a solution of mer- 
cury nitrate; this causes all the metals above mercury in the e.m.f. 
series (that is, most of the metals) to pass into solution, displacing 
an equivalent quantity of mercury from it. Mercury can be com- 
pletely purified by distillation, best of all at low pressure. 

Mercury vapours are very toxic and may cause serious poisoning. 
Even the insignificant quantity of vapours formed at ordinary tem- 
peratures is enough for this. Therefore, when working with mer- 
cury, great care must be taken not to drop it on the floor. 

Mercury is the least active metal of the zinc subgroup, and parts 
with its electrons with greater difficulty than the others. Neither 
dilute sulphuric and hydrochloric acids, nor alkalis, attack mercury. 
Mercury dissolves readily in nitric acid. Concentrated sulphuric 
acid will dissolve mercury if heated. 

Mercury will not oxidize in the air at ordinary temperatures. If 
heated for a long time to a temperature close to the boiling point, 
mercury combines with the oxygen of the air forming red mercuric 
ozide HgO, which, if heated still more strongly, decomposes again 
into mercury and oxygen. Mercury forms another compound with 
oxygen, known as mercurous oxide Hg20, which is black in colour. 


As 
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Thus, mercury may be bivalent or univalent and, accordingly, forms 
two series of salts. Salts in which mercury is bivalent are known as 
mercuric salts, and those where it is univalent as mercurous salts. 

Although in mercurous compounds (such as Hg20) mercury is 
ostensibly a univalent metal, it may now be considered established 
that the mercury atoms in all such compounds are linked into bi- 
valent groups: —Hg2— or —Hg—Hg—. Hence, mercury is bivalent 
in its mercurous compounds. But one of the valency bonds of each 
mercury atom is used to link it to the other mercury atom. This link- 
age persists in solutions of mercurous salts, which contain Hg"°-ion, 
and not Hg:-ion. 

Thus, the composition of mercurous salts containing univalent 
acid radicals (represented by R) should be expressed by the empiric 
formula HgsR» and not by the formula HgR (for instance, Hg Cl, 
not HgCh). 

One of the peculiarities of mercury is that no hydroxides of this 
metal are known. Whenever their formation might be expected, 
the anhydrous oxides result instead. Thus, when alkalis are added 
to solutions of mercurous salts, brownish-black mercurous oxide 


precipitates: 


Hg," + 20H’ = JHg,0 + H,0 
Alkalis likewise precipitate mercuric oxide, and not mercuric hy- 
droxide, from solutions of mercuric salts: 
Hg" + 20H’ = }Hg0 + H,0 


The resulting precipitate is yellow in colour, but if heated changes 


to red mercuric oxide. 

The most important mercury salts are: 

1. Mercury nitrate (I) or mercurous nitrate Hg2(NO;:)s, one of the 
few soluble salts of “univalent” mercury. It is obtained by the action 


of dilute cold nitric acid on an excess of mercury: 


0 +V +I +I 
6Hg + 8HNO,= 3HgA(ANO,), + 2N O + 4H,0 


2. Mercury chloride (1) or mercurous chloride Hg2Clz, known also 
as calomel, is a white insoluble powder. It is prepared by heating 
a mixture of corrosive sublimate with mercury: 


HgCl, + Hg = Hg0Cl 

Calomel can be produced also by the action of hydrochloric acid 
or common salt on soluble mercurous salts: 
Hg," +201 = }Hg.Cl, 


Calomel is used in medicine as a laxative. 
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3. Mercury nitrate (Il) or mercuric nitrate He(NO;)s is obtained 
by the action of an excess of hot nitric acid on mercury. Dissolves 
well in water. Hydrolyzes readily in dilute solutions in the absence of 
free acid to form a white precipitate of the basic salt HgO0 . Hg(NO 3). 
When heated with a large quantity of water, the basic salt also 
decomposes, resulting in mercuric oxide. 

4. Mercury chloride (IT), mereuric chloride HgCls, or corrosive 
sublimate, can be prepared by the direct union of mercury and chlo- 
rine. It is a colourless substance, rather sparingly soluble in cold 
Water. Corrosive sublimate crystallizes out of solution in long, lus- 


trous prisms. It is usually produced by heating mercury sulphate 
(11) with common salt: 


HgS0, + 2NaCl = Na,S0, 4+- HgCl, 
The corrosive sublimate thus formed volatilizes, or sublimes; 
hence its name. 


An aqueous solution of corrosive sublimate practically does not 
conduct electricity. Thus, corrosive sublimate is one of the few salts 
Which hardly ionizes in solution. 

Corrosive sublimate, like all soluble mercury salts, is a strong 
Poison. Very dilute solutions of corrosive sublimate (1:1,000) are 
used in medicine as disinfectant. 


5, Mercury iodide (Il) or mercuric iodide Hgl, can be brought down 
as a beautiful orange-red precipitate by adding a solution of potassium iodide to 
any salt of bivalent mercury: 

Hg +21 = Hgl, 


The precipitate dissolves readily in an excess of potassium iodide, forming 
a colourless solution of the complex salt K,[Hgl,] 


Hgl, +2KI=K, [Hgl,] 
6. Mercury sulphide (II) or mercuric sulphide HgS, as mentioned above, 
occurs in nature (cinnabar). Mercury sulphide (11) can be prepared artificially 


as a black amorphous substance, either by the direct union of sulphur and mer- 
cury or by the action of hydrogen sulphide on solutions of mercuric salts: 


Hg" +S" = JHgs 


If heated without access of air black mercury sulphide (II) turns into the 
red crystalline modification, cinnabar. 


. 


CHAPTER XXII 


Third Group of the Periodic Table 


The third group of the Periodic Table embraces a large number 
of chemical elements, as it includes, besides the usual eight or nine 
members, the rare-earth elements (lanthanides), all of which are 
crowded into one box in the Table. 

‘The typical elements of the third group are boron and aluminium, 
Whose atoms contain three electrons each in their outer layer. Gal- 
lium, indium and thallium possess a similar electronic structure, 
though they are not complete analogues in this respect to the typi- 
cal elements (like, for instance, calcium, etc., in the second ErOuDp). 
‘They have three valency electrons, but the cations formed by remov- 
ing these electrons have an 18-electron outer shell. 

Uwing to this similarity they are often placed together with the 
typical elements in the main subgroup of the third group. 

‘The secondary subgroup of the third group constitutes the even 
Series elements of the long periods: scandium, yttrium, lanthanum 
and actinium. This Subgroup includes also the rare-earth elements 
(lanthanides). 


MAIN SUBGROUP OF THE THIRD GROUP 


Element Symbol Eo? AGE eS PIT SGT 
Boron ..1.4l. B 10.82 5 2 Bs) 

Aluminium Al 26.98 13 2 8 E) 

Gallium . . | Ga 69.72 31 2 8 18 b) 

Indium . | In | 114.716 49 2 8 18 18 8 
Thallium . . | Tl | 204.39 | 81 2 8 | 18 | 82 18 3 


226. General Features of the Main Subgroup of the Third Group. 
As stated above, the elements of this subgroup are distinguished 
by the presence of three electrons in the outer layer of their atoms. 
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Therefore, the metallic properties of these elements are much less 
pronounced than in the corresponding elements of the second, and 
especially the first group, while boron, having a small atomic radius, 
possesses predominantly non-metallic properties. 

All the elements in question are positively trivalent in their most 
typical compounds. With the exception of boron, they can all exist 
in aqueous solution as hydrated positive trivalent ions. 

The metallic properties of the elements under consideration become 
more and more pronounced with increasing atomic number, as was 
the case in the other main subgroups we have examined. Thus, 
whereas boron is an acid-forming element, the oxides and hydroxides 
of the next three elements, aluminium, gallium and indium, are 
amphoteric, with increasingly basic properties, while the oxide of 
trivalent thallium is exclusively basic in character. 

The most important elements of the third group, practically, are 
boron and aluminium. The rest of them are rare elements and of no 
Significant use. 

227. Boron (Borum); at. wt. 10.82. Boron is comparatively scarce 
in nature; it is found almost exclusively as oxycompounds. Its 
total content in the earth’s crust is 0.005 per cent by weight. 

The chief natural compounds of boron are boric acid H3BOs and 
various boric acid salts, the most common of which is borax 
Na2B,0;-10H20. Boric acid is contained in the waters of certain 
hot springs. In Italy boric acid is emitted together with steam from 
cracks in the earth’s crust in volcanic districts. 

Large deposits of high-grade boron ores were discovered in the 
U.S.S.R. in 1934 in the Inder District of the Kazakh S.S.R. Besides, 
rather large deposits of the mineral datolite CaHBSiO; have been 
found in the Caucasus. Boron compounds are contained in small 
ea also in the volcanic muds of the Taman and Kerch pen- 
insulas. 

Although boron belongs to the third group of the Periodic Table, 
it resembles silicon, located in the fourth group, more than the other 
members of the third group. The resemblance between boron and 
silicon is manifested also in their compounds. 

Like silicon, {free boron is prepared by the reduction of boric an- 
hydride B20; with sodium or magnesium. Boron is thus evolved as 
a brown amorphous powder with a specific gravity of 2.3 and a 
melting point of 2.075° C. 

Crystalline boron can be prepared by crystallization from molten 
aluminium; it contains a minor amount of aluminium and is almost 
as hard as diamond. Boron is used in metallurgy as a component 
of certain alloys. j 

At ordinary temperatures boron is very inert, does not oxidize 
in air and will not combine with other elements. 


228. Boron Compounds 6( 


If amorphous boron is heated to 700° C it bursts into flame an 
burns with a reddish flame, turning into boric anhydride and releas 
ing a large amount of heat: 

4B + 30,= 2B,0, + 564 Cal. 

At a high temperature boron combines with many metals to forr 
borides, such as magnesium boride MgB». Boron combines just a 
readily with the halogens if heated. With carbon it forms a ver; 
hard carbide B,C. Water does not attack boron, but concentrate 
sulphuric and nitric acids oxidize it to boric acid. For instance 

ry 
B+ 3HNO0,= HBO, 4-3NO; 


Like silicon, boron dissolves in concentrated alkalis, liberatin! 
hydrogen: 
2B +2KOH + 2H,0 = 2K BO, + 3H, 


228. Boron Compounds. In most of its compounds boron is posi 
tively trivalent. Exceptions are the hydrogen borides and thei 
derivatives, in which boron is formally tetravalent. 

Hydrogen borides (boranes). When treated with hydrochloric acic 
magnesium boride MgB 2» gives a complex mixture of different hydro 
gen borides, analogous to the hydrogen compounds of carbon anc 
silicon. ‘The following most important hydrogen borides have been 
isolated in the pure form from this mixture: 

BaHs; BaH,o; BsHs; BsHi,,; BsHio; Biol 
2aseous =— —————__———_—_—_————_—_—— solid 
liquid 

The chief product of the reaction between magnesium boride anc 
hydrochloric acid is borobutane B,Hio, a volatile liquid (b.p. 18° C) 
with a disgusting odour, its vapours igniting spontaneously in the 
air. Upon standing borobutane gradually decomposes, forming the 
simplest of the hydrogen borides obtained so far, namely, boroethane 
B2H,. The latter is a gas which condenses into a liquid at —92.5° C: 
it does not burst into flame in the air but is immediately decomposed, 
like the other hydrogen borides, by water, during which reaction 
hydrogen is split off and boric acid Hs3BOs formed: 


BH, + 6H,0 = 2H,BO, 6H, 


An examination of the above formulas of the boron hydride: 
suggests that in them boron is tetravalent. However, the fact that 
boron has only three outer electrons precludes this assumption. 

The contradiction disappears if the molecules of the boron hy- 
drides are regarded as a result of linkage of saturated valency structure: 
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through the agency of hydrogen bonds (Pp. 214): 


Tt. HR EH 
DE: BE 
I AH HAE HA BL SB 
SB NSB LA BLES BL NH NH 
H/ \H/ NM HZ HE NH 
BH, BH, 


Practically the most important compounds of boron ave its oxygen 
compounds. 

Boric anhydride or boron ozide B20 can be prepared either by 
the direct combination of boron and oxygen or by calcining boric 
acid. It is a colourless, brittle vitreous mass, melting at about 
+600° C. Boric anhydride is very refractory and is not reduced by 
coal even if heated to whiteness. It dissolves in water forming boric 
acid and releasing a large quantity of heat: 


B,0,+-3H,0 =2H,BO, 416.8 Cal. 


Boric or boracic acid H3BOs3 is a white crystalline Solid, the shiny 
scales of which dissolve readily in hot water. Boric acid can be pre- 
pared by the action of sulphuric acid on a hot solution of borax: 


NaB,0, + H,S0, 4-5H,0 = Na,S0, 4- 4H, BO, 


When the solution is cooled the boric acid crystallizes out, as it 
is but sparingly soluble in cold water. 

Tf a solution of boric acid is boiled some of the boric acid will come 
away together with the water vapour. This accounts for its presence 
in the steam escaping from cracks in the earth’s crust in volcanic 
regions. 

Boric acid is a very weak acid (K =6.4 xX 10-10). 

If heated boric acid loses water, passing first into metaboric acid 
HBOs;, then into tetraboric acid HBO; and finally into boric an- 
hydride B20. When dissolved in water both acids, as well as boric 
anhydride, pass back into boric acid. Boric acid is used aS an anti- 
seplic in the canning industry as well as in the tanning of leather 
and in the preparation of certain paints and enamels. 

The salts of boric acid, known as borates, are mostly derivatives 
not of the normal acid (orthoboric) H3BO;, but of tetraboric acid 
H2B.,0; and other acids containing still less water, most of which 
are unknown in the free state. 

Borar NasB,0;-10Hs20 is the sodium salt of tetraboric acid 
(sodium tetraborate). It forms large colourless crystals which ef- 


lfloresce in dry air. It is prepared by the reaction between boric acid 
and sodium hydroxide: 


4H,BO; + 2NaOH = Na, B,0;, + 7TH,0 


Cit ae 
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Aqueous solutions of borax react strongly alkaline due to hydrol- 
ySis. 

When heated, borax loses its water of crystallization and then 
melts into a transparent vitreous mass. Molten borax dissolves the 
oxides of various metals forming double salts of metaboric acid, 
many of which possess characteristic colours. For instance: 


Na, B,0; + CuO = Cu(BO:),-2NaRO 


This property of borax is utilized in analytical chemistry for the de- 
lection of certain metals. The determination is carried out by fusing 
Lhe borax in a loop of platinum wire together with the substance 
studied, resulting in characteristically coloured spheres known as 
borax “beads.” 

Borax is widely used to produce fusible glazes for majolica and 
porcelain wares and especially for iron pots (enamel); besides, it 
is used for the manufacture of special brands of glass (see p. 485). 

The ability of borax to dissolve metallic oxides is the underlying 
principle of its use in the soldering of metals. As only pure metallic 
Surlaces can be soldered, the joints are first sprinkled with borax 
Lo remove the oxides, then the solder is added and they are heated. 
Fhe borax dissolves the oxides, making the solder adhere well to 
the surface of the metal. - 

Boron plays an important part in the life of plants. The presence 
of small quantities of boron compounds in the soil is necessary to 
promote normal growth of many agricultural crops, such as cotton, 
lobacco, sugar beet, etc. That is why boron fertilizers are finding 
wider and wider application in agriculture. 

229. Aluminium; at. wt. 26.98. Aluminium is the most widespread 
metal in nature. It is a composite part of clays, feldspars, micas 
and many other minerals. The total content of aluminium in the 
earth's crust is 7.45 per cent by weight. The chief raw material for 
the production of aluminium is bauxite. Bauxite is a complex mineral 
containing alumina Als03. Other important aluminium ores are 
alunite K;5S0,;,-Al(S0O;)s-2AlL03:6Hs0 and nephelite Nas0x 
X Als0s3-25i0s». 

The U.S.S.R. possesses immense reserves of aluminium ores. 
Besides bauxites, of which the Soviet Union has large deposits in 
the Urals, in the Bashkir A.S.S.R., in Kazakhstan and elsewhere, a 
very rich source of aluminium has been found in the form of the min- 
eral nephelite, occurring together with apatite in the Khibiny Moun- 
tains. 

Despite its great abundance in nature, aluminium was classed 
as a rare metal up to the end of the last century. It was first obtained 
by Wohler in 1827 by the action of metallic potassium on aluminium 
chloride. Then, up to the eighties of the last century aluminium 
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was prepared by displacement with metallic sodium from the molten 
double salt AICls" NaCl, which was, of course, very expensive. In 
the fifties of the last century one kg. of aluminium still cost about 
500 rubles. 

Alter the discovery in 1886 and industrial realization of the electro- 
lytic process for the manufacture of aluminium the price of aluminium 
went down very rapidly: before World War I (1914-18) 1 kg. of 
aluminium already cost about 1 ruble. At present aluminium is 
produced in immense quantities by the electrolysis of aluminium 
oxide dissolved in molten cryolite. 


Alumina H Crust of solidified 
layer electrolyte 


Fig. 153. Cross-section of an aluminium furnace: 
1—box; £—anode bus; 3—heat insulation; 4—graphite lining; 5—cathode bus 


A furnace for the production of aluminium is shown diagram- 
matically in Fig. 153. It consists of an iron box (bath) lined on the 
inside with graphite or plates of pressed charcoal, which act as the 
cathode during electrolysis. The anodes are a number of graphite 
plates connected to a common bus. The bath is filled with a mixture 
of pure aluminium oxide and cryolite. The cryolite is added to lower 
the melting point of aluminium oxide, which is very refractory. 
When the current is switched on the cryolite melts and dissolves 
the aluminium oxide, which undergoes electrolysis. The process is 
carried out at a temperature of about +1,000° C with a current of 
35,000 amperes and an average voltage of 4 or 5 volts. Aluminium 
is deposited at the cathode and oxygen is liberated at the anode. 
The aluminium collects at the bottom of the bath and is tapped 
periodically. As the aluminium is evolved, new batches of aluminium 
oxide are added to the fusion. 


Deposits of cryolite, this very important mineral for the aluminium industry, 
are very scarce. Large quantities have been found only in Greenland. For this 
reason cryolite is usually prepared artificially by the reaction between aluminium 
hydroxide and hydrofluoric acid, the resulting acid solution being subsequently 
neutralized with soda. 
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Pure aluminium oxide is obtained by treating natural bauxite. The necessity 
of using pure aluminium oxide is due to the difficulty of purifying aluminium 
metal; therefore, to obtain thejpure metal it is preferred to purify the raw ma- 
terials. 


The rate of growth of the aluminium industry is interesting to 
trace. The world production of aluminium, which amounted to only 
8,000 tons in 1900, had reached 567,000 tons by 1938, and during 
World War II about {1 million tons of aluminium were put out yearly 
by the capitalist countries alone. Recently a very rare metal, alumin- 
ium has now become one of the most widely produced and exten- 
sively used metals. In 1954 the output of aluminium in the capitalist 
countries amounted to 2.4 million tons. 

The first aluminium plant in the U.S.S.R. was started up in 1932 
Two years later a second plant was put into operation, and as early 
as 1935 the Soviet Union already occupied the third place in the 
world in aluminium production. In the subsequent years the alumin- 
ium industry continued to develop very rapidly. During the period 
1956-60 the aluminium output increased more than twofold in 
comparison with the Fifth Five-Year Plan period. 

During the first years following the discovery of the electrolytic 
method for the manufacture of aluminium, its production was based 
exclusively on practical data. The scientific principles of the process 
were laid down only at the beginning of the second decade of this 
century. Of great importance in the development of the theory of 
the electrometallurgy of aluminium were the works of P. Fedotyev 
and his pupils. 

Aluminium is a silvery-white light metal, its specific gravity being 
2.7 and its melting point 660.1° C. It is very ductile and has a high 
tensile strength, can easily be drawn into wire and rolled into thin 
Sheets. 

At ordinary temperatures aluminium does not change in the air. 
But this is due only to the fact that it very rapidly becomes coated 
with a thin, dense oxide film, which protects the metal from further 
oxidation. If this film is broken down, say by amalgamating the 
aluminium, the metal begins to oxidize rapidly, becoming quite 
hot (see p. 522). 

The normal potential of aluminium equals —1.66 volts. In spite 
of this, aluminium does not displace hydrogen from water (cf. 
zinc, § 223), owing to the formation of a dense, very slightly soluble 
film of aluminium hydroxide on its surface. Amalgamated aluminium 
reacts vigorously with water, liberating hydrogen. 

Dilute hydrochloric and sulphuric acids dissolve aluminium read- 
ily, especially when hot. Aluminium dissolves just as readily in 
alkalis, forming aluminates, compounds analogous to zincates and 
containing the anion [A(OH),]- (see p. 611). On the contrary, cold 
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nitric acid not only fails to dissolve aluminium, but even makes 
it “passive,” s0 that after treatment with nitric acid it will not dis- 
solve in dilute sulphuric or hydrochloric acids either, The reason 
for the passivity of aluminium was indicated in § 142. 

If aluminium powder (or thin aluminium foil) is heated strongly 
it bursts into flame and burns with a blinding white flame, forming 
aluminium oxide. The combustion takes place very rapidly; for 
instance, a thin sheet of aluminium will burn up inO0.01 second. 

Due to its lightness and comparative resistance to corrosion alu 
minium has found very wide application. Its chief consumers are the 
aircraft and automobile industries, where aluminium is used as 
various light alloys. Admixtures of small quantities of other metals 
greatly increase its strength without changing its weight to any 
considerable degree. 

The most important aluminium alloys are duralumin, which 
contains about 95 per cent aluminium, 4 per cent copper, 0.5 por 
cont magnesium and 0.5 per cent manganese. Other widely used 
alloys are magnalium (an alloy containing up to 12 per cent magne 
sium) and silumin (an alloy of aluminium and silicon). Aluminium 
is gradually forcing copper out of electrical engineoring as a materinl 
for wires. Although the electrical conductivity of aluminium is only 
about 60 per cent that of copper, this is made up for by the lightness 
of aluminium, which enables aluminium wires to be made thickor: 
an aluminium wire weighs only half as much aus a copper wire of 
equal electrical conductivity. 

A very important use of aluminium Is for calorization, i. o., sutu 
ration of the surface of steel or iron parts with aluminium to protect 
the main material from oxidation when strongly heated. 

Calorization is carried out either by immersing the part in molten 
aluminium, or more often by heating it in a mixture of powdered 
aluminium and aluminium oxide. When heated the aluminium 
penetrates into the surface layer of the part, forming a solid solution 
with the iron. Calorized steel parts can withstand heating in theair 
to a temperature of 900° C without becoming oxidized. 

One more application of aluminium worth mentioning is for the 
manufacture of the simplest types of a. c. rectifiers. ‘ho rectifior 
consists of an aluminium and an iron (or lead) clectrode dipped 
into a solution of soda. An apparatus of this kind will allow current 
to pass only in one direction, namely, in that which makes the 
aluminium the cathode. If an aluminium rectifier is wired into an 
a. c. circuit, pulsing current of a constant direction will result. 

Finely powdered aluminium is used as a paint for coating iron 
to protect it from corrosion, as a lithographic colour and for making 
up certain explosive mixtures of the ammonal type (see p. 393). 
Large-grained aluminium powder is employed for the reduction of 
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many metals (see p. 526), for illuminating rockets and for the prep- 
aration of thermite. Thin aluminium foil is used for packing choco- 
late, candies and other confectionery goods. Finally, the wide use of 
aluminium for the manufacture of various kitchen utensils, such 
as pots, spoons, etc., is well known to everybody. 

Aluminium forms only one oxide, namely Als03, and is trivalent 
in all its compounds. 

Aluminium ozide Ala0y, called also alumina, occurs in nature 
in the crystalline form as the mineral corundum. Corundum is second 
in hardness only to diamond, Transparent red or blue corundum 
crystals are precious stones known as ruby and sapphire. Rubies 
are now obtained artificially by fusing alumina in an electric fur- 
nace. They are used not so much for decoration as for technical pure 
poses, such as for the manufacture of precision instrument parts, 
for the jewels in watches, etc, Non-transparent corundum crystals 
containing considerable impurities are commonly known as emery. 

Aluminium hydrozide AI(OH); separates out as a jelly-like procip- 
itate when solutions of aluminium salts are acted on by an alkali, 
and passes readily into the colloidal state, When heated, AI(OH), 
loses water gradually, forming hydrates containing less water, for 
instance: 


{ 0 
ee AZ —OH HO 


Aluminium hydroxide is a typical amphoteric hydroxide. With 
acids it forms salts containing the hydrated aluminium ion 
[AI(H 320)", and with alkalis it forms salts containing the anion 
[AI(OH),]’ and called aluminates (for instance, Na[AI(OH),]. The 
latter were formerly regarded us sults of metaluminic actd HALIOsz: 


Na [ANOH),] = NaAlO, .2H,0 
The reaction of formation of an aluminate may be recorded as 
follows: 


AI(QH), 4- NaOH < Na [AMON] 
or 
Al(OH), 4+ OH’ = [AI(OH).]" 


Aluminates can be prepared also by dissolving metallic aluminium 
in alkalis: 
2AL+-2NaOH 4-6H,0 = 2Na [AI(OH),] 4+ 9H, 


‘The reaction proceeds analogously to the dissolving of zinc in alkalis 
(see p. 597). 
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Salts containing Al‘‘--ion are greatly hydrolyzed in aqueous solu- 
tion and react acid: 


AlCl, + H,0 = AIOHCI,4- HCI 
or 
AL“ + H,0 = AIOH:* +H: 


Dialysis of a solution of an aluminium salt will lead to complete 
decomposition of the salt due to the gradual removal of the acid. 
The aluminium hydroxide formed passes into the colloidal state. 

With weak acids aluminium hydroxide forms either basic salts 
or none at all. For instance, if a solution of an aluminium salt is 
treated with soda, aluminium hydroxide results instead of the car- 
bonate: 


2Al-- +3005 + 3H0 = }2AI(OH), + 3C0; 


The course of the reaction may be pictured as follows. Hydrolysis 
of aluminium salts in aqueous solution leads to the equilibrium: 


2Al-* +6H,0 2 2AI(OH), + 6H: 


Owing to the same process, in a solution of soda the following 
equilibrium is set up: 


300; -+3H,0 = 3HCO; + 30H 


When the solutions are mixed H:-ion combines with OH'-ion 
and HCO;'-ion forming molecular Hs0 and H,C0s3, the latter then 
decomposing into water and carbon dioxide. As a result, both equi- 
libria shift continuously to the right, until, at length, all the alumin- 
ium. precipitates out as AI(OH)s. 

Of the salts of aluminium the following are noteworthy: 

1. Aluminium chloride AlCl. Anhydrous aluminium chloride can 
be prepared by the direct action of chlorine on aluminium. It is 
widely used as a catalyst for various organic syntheses. Aluminium 
chloride dissolves in water, releasing a great amount of heat. If 
the solution is evaporated hydrolysis sets in, hydrogen chloride 
is evolved and aluminium hydroxide precipitates out. If evaporated 
in an excess of hydrochloric acid it gives crystals of the composition 
AlCl, -6Hs20. 

2. Aluminium sulphate Als(SO:;)3-18H20 is prepared by the 
action of hot sulphuric acid on alumina or pure clay (kaolin). It 
is used for sizing in the manufacture of writing paper and for the 
purification of water (see p. 500). 

3. Aluminium alum KAI(SO;,)2-12H20 is the most important 
technical aluminium salt. Is used in great quantities for tanning 
leather and as a mordant in dyeing cotton fabrics. In the latter case 
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its action is based on the fact that the AI(OH)s formed due to hydrol- 
ysis deposits on the fibres of the fabric in a very finely divided state, 
adsorbs the dye and retains it well on the; fibre. 

4. Ultramarine is a well-known blue dye used as a powder for 
“bluing” clothes. In chemical composition it is the product of the 
addition of NasSs to the alumosilicate NasAlsSi203. It is prepared 
by heating a mixture of kaolin, sulphur and soda with a small quan- 
tity of sugar. 

230. Gallium Subgroup. The elements belonging to this subgroup, 
gallium, indium and thallium, contain three electrons each in the 
outermost orbit of their atoms and eighteen in the second last. Like 
aluminium, they display rather weak metallic properties which 
become somewhat more pronounced with increasing atomic number. 
They are all rare elements and do not occur in any considerable 
quantities. Their content in the earth's crust is respectively 1X1074, 
1X10-° and 1X10-$ per cent by weight. 

In the free state gallium, indium, and thallium are silvery-white 
soft metals with low melting points. (Gallium melts at as low a tem- 
perature as 29.8° C, indium at 156.2° C and thallium at 303° C.) 
‘They are quite stable in the air, do not decompose water but dis- 
solve readily in acids, gallium and indium dissolving in alkalis as 
well. Besides their maximum valency of three, they are capable 
also of showing lower valency. In particular, thallium has charac- 
teristic compounds in which it is univalent. 

The oxides and hydroxides of trivalent gallium and indium are 
amphoteric; thallium hydroxide TI(OH)s, however, possesses only 
basic properties. 

Of great interest are the compounds of univalent thallium, resem- 
bling compounds of alkali metals on the one hand, and silver com- 
pounds on the other. For instance, thallium oxide Tl»0 combines 
vigorously with water to form the hydroxide TIOH, which is a strong 
base, quite soluble in water. 

Most of the salts of univalent thallium dissolve readily in water, 
but its halides are almost insoluble and, like silver salts, are sensitive 
to light. 
| The practical applications of the gallium subgroup elements are 
imited. 

Metallic gallium has recently been used to fill quartz thermo- 
meters for measuring high temperatures. As gallium melts at 29.8° 
and boils only at 2,000°, such thermometers make it possible to 
measure temperatures as high as 1,000°C and higher, for which or- 
dinary thermometers cannot be employed. Admixtures of gallium 
in aluminium give alloys which can readily be worked hot; alloys 
b gallium and gold are used in jewellery making and for false 
eeth. 
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Indium is used instead of silver to coat reflectors. Since reflectors 
coated with indium do not tarnish in time, their coefficient of reflec- 
tion remains constant. Indium is employed also to coat bearing 
inserts and as one of the ingredients of the alloy used for making 
fuses. 

Thallium compounds have found application in photography and 
medicine, as well as in the manufacture of high-refracting optical 
glasses. 


SCANDIUM SUBGROUP 


Element Symbol PENG FE Arrangement of electrons in layers 
Scandium . . 5c 44.96 21 2 8 9 2 
Yttrium 10 « ¥. 88.92 49 ” 8 | 18 9 2 
Lanthanum . La | 138.92 57 2 8 | 18 | 18 9 2 
Actinium . Ac 227 89 2 8 18-32 | 18 9 2 


231. General Features of the Scandium Subgroup. The scandium 
subgroup includes, besides those indicated above, the elements 
with atomic numbers from 58 to 71, known as the rare-earth elements 
or lanthanides. 

All the elements of the scandium subgroup, including the lantha- 
nides (see Table 10, p. 163), contain two electrons in the outermost 
layer of their atoms. In their second last layer scandium, yttrium, 
lanthanum and actinium, as well as the lanthanides, gadolinium 
and lutetium, contain nine electrons, all the rest of the lanthanides 
containing eight. 

The maximum valency of the scandium subgroup elements, as 
a rule, equals three. However, cerium also forms a number of deriv- 
atives in which it is tetravalent. Oxides of tetravalent praseodymium 
and terbium are also known, but they are rather unstable. 

In nature these elements occur usually in intimate association with 
one another and with the elements of the fourth group, zirconium, 
hafnium and thorium. One of the main sources for their preparation 
is the mineral monazite, which is a mixture of phosphates of cerium, 
lanthanum, etc. The isolation of the separate elements from mona- 
zite is a very complex problem owing to the great resemblance in 
their properties. The lanthanides are especially difficult to separate. 
‘To date only very few of them have been obtained in the pure form 
(lanthanum, cerium), while some of them are very little known in 
general. 
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In the free state the elements of the scandium subgroup are metals 
with high melting points (with the exception of terbium which melts 
at 310° C). Their metallic properties are much more pronounced 
than those of the elements of the gallium subgroup. They decompose 
water at ordinary temperature or if heated, and dissolve readily 
in dilute acids. With hydrogen some of them form hydrides (such 
as LaHs). 

The oxides and hydroxides of the elements of this subgroup possess 
only basic properties. Their salts hydrolyze but very slightly. 

All the elements of the scandium subgroup give characteristic 
line spectra, which are the only way of precisely establishing the 
individuality of each. 

The rare-earth elements and their salts find more and more appli- 
cations in technology from year to year. The oxides of lanthanum, 
neodymium, and cerium are used as admixtures in the manufacture 
of special brands of glass. For instance, optical glass for the manu- 
facture of photographic lenses and glasses for protective goggles 
contain lanthanum or neodymium. Glasses containing cerium do 
nol darken under the action of radioactive irradiation. 

Cerium nitrate is used in the manufacture of incandescent gas 
mantles, which contain about 2 per cent cerium oxide and 98 per 
cent thorium oxide. Cerium salts are sometimes used to colour glass 
and porcelain. An alloy consisting of 30 per cent iron and 70 per 
cent cerium (together with other rare-earth elements) is used to 
make “flints” for cigarette lighters, as when rubbed on a rough steel 
surface they give sparks which will light a wick moistened with 
gasoline. Metallic cerium is used as an admixture in aluminium 
And magnesium alloys. 


CHAPTER XXII 


Metals of the Fourth and Fifth Groups 
of the Periodic Table 


GERMANIUM SUBGROUP 


Element Symbol FEEL SDE Arrangement of electrons in layers 
Germanium Ge 72.60 | 32 2 8 18 4 
THEN 00.1 Sn 118.70 | 50 PA 8 18 18 4 
Lieddens 5.5 Pb 207.21 | 82 2 8 18 32 18 A 


232. General Features of the Germanium Subgroup. The elements 
germanium, tin and lead are the closest analogues of the typical 
elements of the fourth group, namely, carbon and silicon, which 
have been considered above, and form together with them the 
main subgroup of the fourth or carbon group. All the five elements 
of the carbon group have four electrons in the outermost layer of 
their atoms. They are, therefore, capable not only of yielding, but 
also of gaining electrons in sufficient number to make up an octet, 
with the formation of covalent bonds, this being generally char- 
acteristic of non-metals. However, the tendency of the germanium 
subgroup elements to gain electrons is very weakly pronounced, 
owing to the presence of eighteen electrons in the second last layer 
of their atoms and to their rather large atomic radii. Although, like 
carbon and silicon, they also form gaseous hydrogen compounds. 
the latter are very unstable. On the other hand, they yield electrons 
rather readily and the more so, the higher their atomic number. That 
is why the non-metallic and metallic properties of germanium are 
almost equally pronounced, whereas in tin and lead the latter are 
clearly predominant. Tin and lead are typical metals in physical 
properties, their non-metallic nature being manifested only in 
chemical combination. 

As was stated above in Chapter XVII, all the elements of the 
carbon group show a valency of 4-2, besides their maximum positive 
valency of 4. But while the compounds of bivalent carbon and 
silicon (CO and SiO) are not characteristic and quite unstable, the 
tendency of the germanium subgroup elements to manifest bival- 
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ency is much stronger: the bi- and tetravalent states of tin are 
almost equally stable, whereas lead is bivalent in most of its com- 


pounds. 

233. Germanium; at. wt. 72.60. Germanium is one of the most 
dispersed elements. Minerals containing germanium in any consid- 
erable quantities are extremely rare. The most important of these 
minerals are argyrodite 4Ag,S-.GeS2 and germanite 6CusS .GeSs. 
At the same time, germanium compounds are found in very small 
quantities in many ores. The total content of germanium in the 
earth's crust amounts to 4X10-* per cent by weight. The usual 
Source for the preparation of germanium is the ashes of bituminous 
and brown coals and zinc metallurgy wastes. 

Not so long ago germanium had hardly any practical application, 
but in recent years it has acquired exceptional importance in elec- 
trical and radio engineering, where it is used as a semi-conductor. 


Semi-Conductors. Semi-conductors are substances whose electrical conduc- 
tivity is intermediate between conductors and insulators.A characteristic feature 
of semi-conductors is that under ordinary conditions they do not conduct elec- 
tricity, but acquire the ability to do so under the action of heat, light and other 
factors. Semi-conductors of a definite type, when brought into contact, possess 
the property of conducting current only in one direction. 

Owing to the qualitative difference of semi-conductors from metals and in- 
Sulators, they have been employed by modern electrical and radio engineering 
to solve a number of technical problems of immense practical importance. 

For instance, the comparatively large, breakable vacuum valves used in radio 
engineering can be replaced by tiny, long-lived crystalline germanium diodes 
and triodes; the volume of some of them does not exceed 0.01 cu. em. This makes. 
it possible to considerably diminish the size of radio and television sets, comput 
ing machines, radar units and other apparatuses and to improve their perfor- 
mance essentially, at the same time greatly decreasing their power consumption. 
Germanium amplifiers are very durable, operate without vacuum and require 
no DOT or time for heating filaments, as ordinary valves do. Their lifetime is 
very long. 

Semi cendLELL are widely used in various instruments for automatic control 
of many industrial processes. The power industry employs germanium rectifiers 
for converting high-power alternating current into direct current. By means of 
Semi-conductors thermal and luminous energy can be changed directly into elec- 
trical, with an efficiency, at present, of 8 to 10 per cent. Semi-conductors can 
be used to convert the energy of radioactive radiations into electric current. 

Other semi-conductors, besides germanium, are silicon, grey tin, certain 
chemical compounds and alloys. 


The germanium used in semi-conductor apparatuses must be 
Very pure, as even one atom of impurities per 10 million atoms of 
germanium increases its conductivity. Such pure germanium is 
prepared by “zone” melting (see p. 545). 

Germanium is a silvery-white, very brittle metal, having a spe- 
cific gravity of 5.36 and melting at 959° C. In the compact state it 
changes neither in dry, nor in moist air, even if heated. Powdered 
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germanium passes into the dioxide GeOs even if only moderately 
heated. 

Hydrochloric and dilute sulphuric acids do not attack germanium, 
but nitric and concentrated sulphuric acids oxidize it to the dioxide. 
Germanium dissolves slowly in alkalis. At about 200 or 250° C ger- 
manium reacts actively with the halogens and sulphur. 

Germanium is bi- and tetravalent in its compounds. Compounds 
of bivalent germanium are comparatively unstable; they oxidize 
easily, passing into compounds of tetravalent germanium; hence, 
they are active reducing agents. 

Germanium ozide GeO is a black crystalline powder. It is very 
unstable. It is prepared by carefully reducing germanium dioxide 
with magnesium or metallic germanium. It reacts with the hydrohalic 
acids, forming dihalides. 

Germanium hydrozide Ge(OH)s can be precipitated by alkalis or 
ammonia from a solution of germanium chloride: 

GeCl, + 2NaOH = Ge(OH): 4 2NaCl 


It is amphoteric in properties and dissolves perceptibly in water, 
its aqueous solution reacting acid. 

Compounds of letravalent germanium are the most characteristic 
of this element. ‘They are more stable, better known, and greater in 
number, than the derivatives of bivalent germanium. 

Germanium diozide GeO» is a white crystalline substance of spe- 
cific gravity 4.703; it is perceptibly soluble in water, the solution 
conducting electricity. It can be prepared by several methods. In 
particular, it can be obtained by heating germanium in oxygen or by 
oxidizing it with concentrated nitric acid. 

Germanium dioxide is an amphoteric oxide with strongly predom- 
inating acidic properties, as a result of which it is readily soluble 
in alkalis, giving salts of germanic acid. These salts are, as a rule, 
colourless. The potassium and sodium salts of germanic acid are 
quite soluble. 

Germanium dioxide is employed in technology for the manufac- 
ture of optical glass with a very high index of refraction. 

Germanium tetrachloride GeCl, is prepared by heating germanium 
in a stream of chlorine or by passing hydrogen chloride through a 
heated suspension of germanium dioxide in concentrated hydrochloric 
acid: 

GeO, + 4HCI = GeCl, 4+ 2H,0 
‘The reaction is reversible and goes from right to left in an excess 
of water. 

Germanium tetrachloride is a colourless mobile liquid with a 
specific gravity of 1.874 and a boiling point of 83° C. In properties 
it resembles silicon tetrachloride. 
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Germanium disulphide GeS, is known to occur in two modifica- 
tions—amorphous and crystalline. The moisture of the air decom- 
poses GeSs, liberating hydrogen sulphide: 


GeS, 4 2H0 = GeO, + 2HS 


Germanium disulphide readily forms stable thiosalts. 

Germanium hydrides. Treatment of germanium chloride with 
sodium amalgam in a stream of hydrogen, or decomposition of a 
germanium-magnesium alloy by acids results in germanium tetra- 
hydride GeH;. It is a colourless gas which, like arsenic hydride, 
decomposes when heated to form a metallic mirror. The melting 
point of germanium tetrahydride is —166° C and its boiling point 

88° GC: 

During the preparation of the simplest germanium hydride, 
Small quantities of its homologues, GesHs and GesHs, are also 
formed. 

234. Tin (Stannum); at. wt. 118.70. Tin cannot be regarded as a 
widespread metal (its content in the earth's crust has been estimated 
al 8 x10-8 per cent by weight). But it is easily extracted from its 
ores and for that reason became known to man in ancient times; 
man used tin in the form of its alloy with copper (bronze) as far 
back as the very dawn of his civilized life (the Bronze Age). Tin is 
sometimes found in nature in the native state, but usually occurs 
as its compound with oxygen SnOs2, called cassiterite or tinstone, 
from which it is reduced by coal. 

‘The largest deposits of tin ores have been found in Malaya, Viet- 
Nam, Bolivia and Indonesia. In the U.S.S.R. tin ores of commercial 
importance have been discovered in Eastern Siberia and in the Yakut 
A.S.S.R 

In 1954 the output of tin in the capitalist countries was 178,000 
tons. 

In the free state tin is a silvery-white soft metal with a specific 
gravity of 7.30 and a melting point of 231.9° C. Tt has a decidedly 
crystalline structure. When a stick of tin is bent it emits a character- 
istic crackling noise, probably due to friction between the individual 
crystals. Tin is soft and ductile and is readily rolled into thin sheets 
known as tin foil or just foil. 

Besides ordinary white tin, crystallizing in the tetragonal system, 
lin has another modification, a grey crystalline powder with a spe- 
. cific gravity of 5.7. It has long been known that grey spots sometimes 
appear on tin objects kept fora long time in a strong frost. This 
phenomenon has been referred to as tin plague. It was subsequently 
established that ordinary tin is stable only at temperatures above 
13.2° C; below this temperature it may turn into grey tin. The 
lower the temperature. the more rapidly this transformation takes 
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Base. When heated, grey tin passes back into the white modifi 
cation. 

If tin is heated above UE porte Into a third (rhombic) mod 
ification. In this form ণ tthe, ean be ground readily int 
(Jowsar and breaks into fragments If dropped from a small 


In does not become oxidized in the } at ordinary temperatures 
But If heated ae the molting point It gradually changos Into tiv 
Moai tinny duo to ll indifferent to al কন ত! acids dissolve it 

gt to the insignificant difference between the normal 
tin and lor Selene tng i Pp. 5s) Tin dissolves 


দু কং + vl ly with concentrated nitric acid, which 
change it Into a powder, insoluble in water, called f-stannic 


Owing to the resistance of tin to the action of air and water, it 
Tape ~~ a a as 00 and Iron (this proce 
being known as , About half tin produced Is used 
for সত ৭০০০) ol oe acer tin, Le, tin-coated sheet Iron 
Of great Importance aro Lge gy br a“ such as bronze, babbits. 
ote, x TAT In the pure form and as alloys 
with lead lor soldering. 

Tin forms two oxides, namely, stannous oxide Sn0 and tin dioxide 
of stannic oxide ; And, reals +0 co two series of Lin com: 
are known. In the fiest tin Is bivalent and behaves maloly I 
metal, whereas In the socond It is totravalent and is more like a = 
motal in properties, 

Compounds of Bivalent Tin. 5 tannous azide Su0) Is a dark brown 
powder which results when tin Is heated in a limited supply ধ্ো: 
as woll as from the decomposition of stannous hi hydroxide Bot 
In an atmosphere of carbon dioxide, 

S tannous razide Sm(OH), ix obtained as a white procipitate 
when bivalent tin salts are troated with alkalis; 


ta" 4201 = i Sa (ON), 


Stannous hydroxide is amphoteric, dissolving readily both in 
achds and in alkalis, In the latter care to form hydroxysalta, known 
as stannites, analogous to sincates (see p. 07): 


Fo(OH), + NeOH = Na [sa(OH), 


Tin chloride (Il) of stannous chloride SuCl:.-2H,0 is prepared by 
dissolving tin in hydrochloric acid; it formas colourlems crystals 
containing two molecules of crystallization water. When heated or 
greatly diluted with water, aqueous solutions of SaCl, hydrolize 
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partly, giving a precipitate of the basic salt: 
Bull, 4 H,0 2+ 4 SuOHCl+ HCI 


S tannous chloride is a rful reducing {. For instance, it 
evduces ferric chloride to ferrous chloride FeCls: 


IFeCl, 4 SnCl, = 2F00l, 4 SaCl, 


If stannous chloride is added to a solution of corrosive sublimate, 
1 white precipitate of লবা শল কলস In an excess of SnCl, the 
«urrosive sublimate is further reduced to motallie mercury: 


2HgCl, + Sal, = + Hy,Cl, + Sadi, 
Hg,Cl, 4 SuCl, 2g + Sach, 

Compounds 0f Tetravalent Tin. Stannle oxide or tin dioxide Sn0; 
tn found in nature as the mineral tinstone or camsiterite, tho most 
tunportant tin ore. It can be produced artificially by burning the 
metal In air or by oxidizing It with nitric acid and then calcining the 
resulting | tes It is used for the preparation of various white 
zlazos and enamels. 

S tannie aelds, The hydrates of stannic oxide are known as stannic 
acids and exist in two modifications: ax a-stannic acid, and fl-stan- 
nic acid, a-stannic acid H;3Sn0;, can be 1 eae by the action of an 
anucous ammonia solution on a solution of stannic chloride SnCl,. 

The formation of the white procipitato which separates out is 
usually represented by the equation 

SaCl, + ANHO = 1 HySn0, +4NHCL+H,0 

\s tho precipitate is dried it gradually loses water until puro 
“tannic oxide remains. Thus, no acid of any definite composition is 
obtained. Therefore, the above formula for «stannic acid is but 
the simplest of its possible formulas, It would be more correct to 
tpt the composition of this acid by the formula mSnOs: 

nls0. 

stannic acid dimolves readily in alkalis, forming salts which 
contain the complex anion [Sn(OH)]”" and are stannates: 

H,Sn0, + 2ZNAOH + 1,0 = Nast Se(OH)] 

Sodium stannate separates out of solution as crystals of a com- 
position which may also bo expressed {by tho formula NasSn0s. 

3 H0. This salt Is used as a mordant in dyeing and as a filler for 
silk, Silk fabrics treated before dyeing with solutions of tin compounds 
somotimes contain as much as #0 per cont of their total weight in tin. 

Acids also dissolve astannic acid to form salts of tetravalent tin. 


For example: 
H,Sn0, 4+ AHCI z+ Sad, 4 3H,0 
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place. When heated, grey tin passes back into the white modifi- 
cation. 

If tin is heated above 161° C it passes into a third (rhombic) mod- 
ification. In this form it is very brittle, can be ground readily into. 
a powder and breaks into small fragments if dropped from a small 
height. 

Tin does not become oxidized in the air at ordinary temperatures. 
But if heated above the melting point it gradually changes into tim 
dioxide SnOs. Tin is indifferent to water. Dilute acids dissolve it 
very slowly due to the insignificant difference between the normal 
potentials of tin and hydrogen (see Table 27, p. 518). Tin dissolves: 
best of all in concentrated hydrochloric acid. 

Tin also reacts vigorously with concentrated nitric acid, which 
changes it into a white powder, insoluble in water, called f-stannic 
acid. 

Owing to the resistance of tin to the action of air and water, it 
iS used to coat other metals, such as copper and iron (this process- 
being known as “tinning”). About half the tin produced is used 
for the manufacture of tin plate or tin, i.e., tin-coated sheet iron. 
Of great importance are also many tin alloys, such as bronze, babbits. 
etc. Finally, tin is widely used both in the pure form and as alloys 
with lead for soldering. 

Tin forms two oxides, namely, stannous ozide SnO and tin dioxide 
or stannic ozide SnOs. And, accordingly, two series of tin compounds 
are known. In the first tin is bivalent and behaves mainly like a 
metal, whereas in the second it is tetravalent and is more like a non 
metal in properties. 

Compounds of Bivalent Tin. Stannous ozide SnO is a dark brown 
powder which results when tin is heated in a limited supply of air- 
as well as from the decomposition of stannous hydroxide Sn(OH)s 
in an atmosphere of carbon dioxide. 

Stannous hydrozide Sn(OH)s is obtained as a white precipitate 
when bivalent tin salts are treated with alkalis: 


Sn‘ +20H’ = { Sn (0H), 


Stannous hydroxide is amphoteric, dissolving readily both im 
acids and in alkalis, in the latter case to form hydroxysalts, known. 
as stannites, analogous to zincates (see p. 597): 


Sn(0H),-+ NaOH = Na [Sn(OH),] 


Tin chloride (Il) or stannous chloride SnCls-2Hs0 is prepared by: 
dissolving tin in hydrochloric acid; it forms colourless crystals 
containing two molecules of crystallization water. When heated or 
greatly diluted with water, aqueous solutions of SnCl, hydrolize- 
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vnartly, giving a precipitate of the basic salt: 
SnCl, + H,0 = } SnOHCl+- HCI 


Stannous chloride is a powerful reducing agent. For instance, it 
reduces ferric chloride FeCl; to ferrous chloride FeCls: 


2FeCl, + SnCl,=2FeCl, + Sndl, 


If stannous chloride is added to a solution of corrosive sublimate, 
a white precipitate of calomel separates. In an excess of SnCls the 
corrosive sublimate is further reduced to metallic mercury: 


2HgCl, +SnCl,= J HgCl, 4-SnCl, 
HgCl, + SnCl, =2Hg + SnCl, 


Compounds of Tetravalent Tin. Stannic oxide or tin diozide SnOs 
is found in nature as the mineral tinstone or cassiterite, the most 
important tin ore. It can be produced artificially by burning the 
metal in air or by oxidizing it with nitric acid and then calcining the 
resulting product. It is used for the preparation of various white 
glazes and enamels. 

S tannic acids. The hydrates of stannic oxide are known as stannic 
acids and exist in two modifications: as a-stannic acid, and f-stan- 
nic acid. «-stannic acid HsSn0s can be prepared by the action of an 
aqueous ammonia solution on a solution of stannic chloride SnCl,. 

The formation of the white precipitate which separates out is 
usually represented by the equation 


SnCl, + 4NHOH = J H,Sn0s 4-4NH,Cl4-H,0 


As the precipitate is dried it gradually loses water until pure 
stannic oxide remains. Thus, no acid of any definite composition is 
obtained. Therefore, the above formula for o-stannic acid is but 
the simplest of its possible formulas. It would be more correct to 
represent the composition of this acid by the formula mSnOs. 
‘nHs20. 

u-stannic acid dissolves readily in alkalis, forming salts which 
contain the complex anion [Sn(OH)s]-- and are called stannates: 


H,Sn0, + 2NaOH -- H,0 = Nas[Sn(OH).] 


Sodium stannate separates out of solution as crystals of a com- 
position which may also be expressed !by the formula NasSnO0 3: 
-3 Hs0. This salt is used as a mordant in dyeing and as a filler for 
silk. Silk fabrics treated before dyeing with solutions of tin compounds 
sometimes contain as much as 50 per cent of their total weight in tin. 

Acids also dissolve o-stannic acid to form salts of tetravalent tin. 
For example: 

H,Sn0, + 4HCL = SnCl, + 3H,0 
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In an excess of hydrochloric acid SnCl, adds two HCl molecules 
to form complex chlorostannic acid Hs[SnCl,]. The ammonium salt 
of this acid NH ,[SnCls] is used for the same purposes as sodium stan- 
nate. 

B-stannic acid is obtained as a white powder by the action of con- 
centrated nitric acid on tin. Its composition is just as indefinite as 
that of -stannic acid. Contrary to «-stannic acid, it dissolves neith- 
er in acids nor in alkalis. But it can be transferred into solution as 
a stannite by fusion with alkalis. If kept in contact with the solution 
from which it was precipitated o-stannic acid also gradually passes 
into B-stannic acid. 

Tin chloride (IV) or stannic chloride SnCl; is a liquid with a boiling 
point of 114° C, fuming strongly in the air. It is prepared by the 
action of chlorine on metallic tin or on stannous chloride. Is pro- 
duced in industry mainly by treating tin waste (old cans) with 
chlorine. 

Though stannic chloride is similar in some of its properties to 
the chlorides of non-metals, it dissolves in water without decom pos- 
ing perceptibly, and can be evolved from solution as Various crys- 
tal hydrates, such as SnCl;,.5Hs20. 

In dilute aqueous solutions SnCl, hydrolyzes to a large degree 
according to the equation: 


Sn--** +3H0jJz H,Sn0,+ 4H: 
The resulting stannic acid passes into colloidal solution. 


Vin Sulphides. If a solution of SnCl, is treated with hydrogen sulphide ww 
brown precipitate of tin sulphide (II) SnS results. A solution of SnCl, treated 
in the same manner yields a yellow precipitate of tin disulphide SnSs. The latter 
compound can be prepared also by a dry method, for instance, by heating tin 
filings with sulphur and ammonium chloride. Prepared in this way, the disul- 
phide has the form of golden-yellow scales and is used for gilding wood under 
the name of “mosaic gold”. 

Tin disulphide dissolves in the alkali sulphides and in ammonium sulphide 
solution, giving readily soluble salts of thiostannic acid HySnSg: 


SnS, + (NH)S = (NH,)2SnS, 
Thiostannic acid (like the corresponding thioacids of arsenic and antimonyy 


is unknown in the free state. Its salts are decomposed by acids into hydrogen 
sulphide and tin disulphide: 


(NH,):Sn5S, + 2HCLI= { SnS, + HS + 2NH,Cl 
Stannous sulphide is insoluble in the alkali sulphides, as there are no thio- 


salts corresponding to bivalent tin. But the alkali polysulphides dissolve it to 
form salts of thiostannic acid: 


SnS + (NT)S,= (NH ;),SnS, 
+ 


235. Lead 623: 


Tin hydride or stannane SnH, was first obtained in 1919 as an 
impurity in hydrogen by treating an alloy of magnesium and tin 
with hydrochloric acid. It is a colourless, very poisonous gas which 
condenses into a liquid at —52° C and decomposes slowly, but spon- 
tancously, at ordinary temperatures into tin and hydrogen. 

5. Lead (Plumbum); at. wt. 207.21. Lead is found in nature 
as various compounds. The most important ore used for the extrac- 
tion of lead is glance or galena PbS. 

Large deposits of lead ores have been found in Australia, the 
U.S.A., Canada, Mexico and Germany. Lead deposits have been 
discovered in the U.S.S.R.—in Kazakhstan, Eastern Siberia, North- 
ern Ossetia, the Altai Mountains and elsewhere. 

Lead can be extracted from galena in the ordinary way, by roast- 
ing the ore to convert it into lead oxide and then reducing the result- 
ing lead oxide with coke. 

Another method of reducing lead from its ores without the use 
of coke consists in incomplete roasting of the ore by heating it moder- 
ately in special furnaces in the presence of air, so that only part 
of the PbS is oxidized. This involves the following reactions: 


2PbS + 30,=2PbO 4-250, 
PbS +-20,= PbSO, 
Then the air is cut off, but the heating is continued. The unaltered 


lead sulphide reacts with the lead oxide and sulphate giving metallic 
lead: 


PbS 4 2PbO = 3Pb + SO, 
PDS 4- PbSO, =2Pb 250, 


The abundance of lead in the earth’s crust is represented by a 
value of the same order as that of tin (1.6 x10-3 per cent by 
weight). 

Lead is a bluish-white heavy metal with a specific gravity of 
11.34. It is very soft, being easily cut with a knife. The melting point 
of lead is 327.4° C. In the air lead rapidly becomes coated with a 
thin oxide film which protects it from further oxidation. In the 
e.m.f. series lead stands just above hydrogen. Its normal potential 
equals —0.126 volt. 

Water itself does not attack lead, but in the presence of air lead 
is gradually destroyed by water, which converts it into lead hydrox- 
ide: 

2Pb + 0,-+2H,0 = 2Pb(OH), 


However, in contact with hard water lead becomes coated with 
a protective film of insoluble salts (mainly lead sulphate and lead 
basic carbonate), which impedes the further action of the water 
and the formation of Pb(OH)s. As all soluble lead compounds are 
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poisonous, lead pipes may be used safely for the delivery of drinking 
water only if the latter is hard. 

Dilute hydrochloric and sulphuric acids hardly attack lead owing 
t0 the low solubility of the corresponding lead salts. Lead dissolves 
readily in nitric acid. Organic acids, especially acetic, also dissolve 
lead in the presence of the oxygen of the air. The process takes place 
analogously to the dissolving of copper (see p. 561). 

Lead dissolves also in alkalis, which convert it into plumbites. 

The applications of lead are diverse. The chief consumers of lead 
are the cable and storage battery industries, where it is used to manu- 
facture cable sheaths and storage battery plates. At sulphuric acid 
plants lead is used to make the housings of towers, the coils of cool- 
ers and other responsible parts of the equipment. Considerable 
quantities of lead are used for the manufacture of ammunition, 
€. g., rifle and shrapnel bullets, as well as shot. Lead is a component 
part of many alloys, such as bearing alloys (babbits), type metal, 
solder, etc. Lead is a good absorber of gamma rays and is widely used 
for protection against gamma radiations in working with radio- 
active substances. 

The production of lead in the capitalist countries totalled 1.6 
million tons in 1954. 

In its compounds lead is mainly positively bivalent. However, 
like the other elements of the germanium subgroup, it may be also 
positively tetravalent. The compounds of tetravalent lead are much 
less stable than those in which it is bivalent. 

It has been shown possible to prepare a volatile compound of lead 
and hydrogen PbH,, which is still less stable than SnH,. 

Lead forms two simple oxides PbO and PbOs2, corresponding to 
its bi- and tetravalent states, and two mixed oxides Pb20s and 
PbsO0,, in which both degrees of valency of lead are manifested 
simultaneously. Plumbous oxide Pbs0, another compound of lead 
and oxygen, is very unstable. 

Compounds of Bivalent Lead. Plumbic ozide PbO is a yellow powder 
which results when molten lead is heated in air. If strongly calcined 
it acquires a reddish-yellow colour and in this form is known as 
litharge. Plumbic oxide has a variety of applications: it is used to 
prepare other lead compounds, serves for filling the cells of storage 
battery plates, for the manufacture of certain types of glass, etc. 

Plumbic hydrozide Pb(OH)s precipitates out when soluble bivalent 
lead salts are treated with alkalis. It is amphoteric in nature, dis- 
solving in acids to form salts of bivalent lead and in alkalis, giving 
salts known as plumbites: 


Pb(OH), + 2NaOH = Na,PbO, + 2H,0 
sodium plumbite 
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However, it is more probable that when dissolved in alkalis plum- 
bic hydroxide forms hydroxysalts, according to the equation: 


Pb(OH),-- NaOH = Na [Pb(OH);] 


Of the salts of bivalent lead the following are noteworthy: 

1. Lead chloride (II) or plumbous chloride PbCls is obtained as 
a white precipitate when solutions of lead salts are treated with 
hydrochloric acid or soluble chlorides. It is very slightly soluble 
in cold water but dissolves considerably in hot water. - 

2. Lead iodide (Il) or plumbous iodide Phl, separates as a yellow 
precipitate from solutions of lead salts when iodide-ion is added 
to them. It is practically insoluble in cold water but dissolves rather 
well in hot, giving a colourless solution. When the latter is cooled, 
the lead iodide falls out as lustrous golden-yellow crystals. 

5. Lead acetate (Il) or plumbous acetate Pb(CH3COO:)» is one 
of the few readily soluble lead salts and is widely used in laboratory 
practice. Owing to its strong sweet taste lead acetate is also called 
lead sugar. It is employed to colour fabrics and to obtain other lead 
compounds. 

4. Lead sulphate (I) or plumbous sulphate PbSO, drops out as 
a white powder-like precipitate when sulphuric acid is added to 


solutions of lead salts. Lead sulphate is almost insoluble in water 
and in dilute acids, but dissolves quite well in concentrated alkali 
solutions to form plumbites. Concentrated sulphuric acid also dis- 


solves lead sulphate, converting it into the acid salt Pb(HSO;,)s. 


5. Lead sulphide (T]) or plumbous sulphide PbS separates as a 
black precipitate upon the action of hydrogen sulphide on lead salts. 
For this reason, a piece of filter paper moistened with a solution 
of any lead salt darkens rapidly if hydrogen sulphide is present 
in the air even in insignificant quantities, this often being used as 
a test for hydrogen sulphide. PbS occurs in large quantities in nature 
as galena. 

0. Basic lead carbonate (IT) Pbs(OH)s» (COs3)2 precipitates out of 
Solutions of lead salts under the action of soda. Was formerly widely 
used for the preparation of a white oil paint of excellent covering 
Power, known as lead white. Under the action of hydrogen sulphide 
this paint darkens owing to the formation of dark lead sulphide 
(II) PbS (this being the reason for the darkening of old pictures 
painted with oil colours). 

As lead is very difficult to oxidize from its bivalent to its tetra- 
Valent state, bivalent lead salts, in contradistinction to tin salts, 
practically do not possess reducing properties. 

Compounds of Tetravalent Lead. Lead diozide PbO; is a dark brown 
Powder formed by the action of strong oxidizers on lead oxide and 
salts of bivalent lead. Chemically lead dioxide resembles tin dioxide, 
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being amphoteric with predominating acid properties. Corresponding 
to lead dioxide are ortho- and metaplumbic acids H.PbO;, and 
H5PbO;, which do not exist in the free state but form rather stable 
salts. For instance, if lead dioxide is fused with potassium hydroxide, 
the result is the potassium salt of metaplumbic acid KsPbOs. 

The basic properties of lead dioxide are manifested in the formation 
of very unstable salts of tetravalent lead. For instance, when lead 
dioxide is treated with hydrochloric acid, lead chloride (IV) PbCl, 
is first formed, but it very readily splits off chlorine and passes into 
PbCls: 

PbO, 4-4HCL = PbCl, 4+ 2H,0 
PbCl, = PbOl, + Cl, 

Both reactions are reversible. If a suspension of PbCls in hydro- 
chloric acid is acted on with chlorine, Jead tetrachloride will be ob- 
tained as an oily liquid, solidifying at —15° C into a crystalline 
mass. Water decomposes it completely into lead dioxide and hydro- 


chloric acid. 
PbCl, + 2H,0 = PbO, + 4HCl 


Another salt of tetravalent lead is the sulphate Ph(SO ,)2, which 
is decomposed by water similarly to PbCl,. 

Red lead or minium PbsO, is a bright red substance, used to pre- 
pare ordinary red oil paint. Red lead is obtained by prolonged heat- 
ing of lead oxide EE It may be regarded as a lead salt of ortho- 

+II_+T 
plumbic acid Pb2PbO ;. 
When heated with dilute nitric acid red lead decomposes into 


brown lead dioxide: 
Pb, PbO, + 4HNO, =2Pb(NO:), 4 PbO + 2H,0 

The other mixed oxide of lead Pbs0s3 may be regarded as the lead 

+I +IV 
salt of metaplumbic acid PbPbOs. 

Lead dioxide and all the compounds of tetravalent lead are power- 
ful oxidizing agents, owing to their instability. 

236. The Lead Storage Battery. The oxidizing properties of tet- 
ravalent lead and its transition into the more stable bivalent state 
are the basis of the design and operation of widely used lead storage 
batteries. 

Electric storage batteries are devices for accumulating electric 
power for use at some future moment. Power is accumulated by 
passing electric current through the battery, thus giving rise to a 
chemical process during which electrical energy is transformed into 
chemical; the storage battery is then said to be charged. The charged 
battery may subsequently be used as a galvanic cell, whereupon the 
reaction by which it was charged proceeds in the opposite direction, 
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and the chemical energy accumulated in the storage battery is con- 
verted back into electrical; as this energy is used up, the battery is 
said to be discharged. 

In the simplest case a lead storage cell* consists of two lead 
grids, the spaces of which are filled with a putty of lead oxide and 
water. The plates are immersed in a rectangular glass vessel contain- 
ing dilute sulphuric acid of specific gravity between 1.15 and 1.20 
(22 to 28 per cent H2S0,;,). 

Owing to the reaction 

PbO + H,S0, = PSO, 4- H,0 


the lead oxide is presently converted into lead sulphate. If direct 
current is now passed through the device by connecting one plate 
to the negative and the other to the positive pole of a current source, 
the battery will be charged, the following processes taking place at 
the electrodes: 


cathode 
+H 0 J 
PISO, + 2e- = Pb +- SO! 
anode 


+I +IV [ 
PbSO,—2e7 + 2H,0= PbO, + 4H +50" 


Adding up these equations we get the summary equation of the 
reation of charging a storage battery: 


2PbSO, + 2H,0 = Pb + PbO, + 4H +250, 


Thus, as the current is passed through, the lead sulphate at the 
cathode turns into a spongy mass of metallic lead and that at the 
anode, into dark brown lead dioxide. 

When this process is complete, the storage battery is fully charged. 
Completion of charging is indicated by the water beginning to de- 
compose vigorously, liberating hydrogen at the cathode and oxygen 
at the anode (the accumulator is said to “boil”). 

If the plates of a charged storage battery are connected by means 
of a conductor, current arises in the latter, the electrons moving 
from the lead plate to the lead dioxide plate. The appearance of 
current is due to the following. Some Pb * ions pass into solution 
from the lead plate charging the latter negatively. The electrons lib- 
erated at the lead plate pass over to the PbO; and reduce the tet- 
ravalent lead into bivalent. As a result Pb-- ions form at both 
Plates and combine with the SO; ions in solution into insoluble 


lead sulphate, discharging the battery. 


* A storage battery usually consists of several storage cells connected in 
Parallel and/or in series. 
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The processes taking place during the discharge of a storage battery 
can be represented by the following scheme: 


Negative Electrode 
[) b +H 
Ph + 2e7 + 50, = PbS0, 
Positive Electrode 


+IV i SN 
PbO, +2e7 + 4H" +50; = PbSO, + 2H,0 


Addition of the above equations makes it obvious that the re- 
action taking place during discharge of the battery is the reverse of 
the charge reaction. Therefore both processes may be expressed by 


a single equation: 
charge 


2PbSO, + 2H,0 — Pb PbO, + 4H* 4-250, 
discharge 


When a storage battery is discharged the concentration of the 
sulphuric acid gradually decreases, owing to the consumption of 
H:-ion and SO-ion and the formation of water. Therefore, the 
degree of discharge of a storage battery can be judged by the specific 
gravity of the acid, measured by means of a densimeter. 

The e.m.f. of a lead storage battery equals two volts and under 
normal load remains almost unaltered throughout its entire period 
of operation. If the voltage begins to fall, the storage battery must 
be recharged. 


TITANIUM SUBGROUP 


Element Symbol খও EEE Arrangement of electrons In layers 
Titanium . | Ti 47.90 | 22 2 8 10 2 
Zirconium . Zr 91.22 | 40 2 8 18 10 2 
Hafnium . . | HE | 178.6 2 2 8 18 32 10 2 


237. General Features of the Titanium Subgroup. The titanium 
subgroup includes the fourth group elements of the Periodic Table, 
titanium, zirconium and hafnium situated in the even series of the 
long periods. Formerly this subgroup also included the element 
thorium which is now, however, usually included in the actinide 
group (see § 266). As thorium resembles the elements of the titanium 
Subgroup in chemical properties, we shall describe it together with 
these elements. Unlike the elements of the odd subgroup, the atoms 
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of the titanium subgroup elements contain only two electrons in 
their outermost layer and are incapable of gaining electrons. There- 
fore, no compounds are known in which they are negatively valent. 
At the same time, the maximum positive valency of the elements 
equals 4, as besides the two outermost electrons they are capable of 
yielding two more electrons from their incomplete second last layer, 
which consists of ten electrons. 

Owing to the presence of only two electrons in the outermost elec- 
tron layer of their atoms, the metallic properties of the titanium 
subgroup elements are much more pronounced than in the case with 
the elements of the germanium subgroup and become stronger with 
increasing atomic number. For instance, titanium hydroxide 
Ti(OH), is amphoteric, zirconium and hafnium hydroxides are 
predominantly basic, while thorium hydroxide is exclusively 
basic. 

In the free state all four elements are typical metals, resembling 
steel. They all have rather high melting points. At ordinary tempera- 
tures the elements of the titanium subgroup are stable both against 
water and air, and, with the exception of titanium, are quite resist- 
ant to the action of acids; but at high temperatures they become 
very active, combining readily with the halogens, oxygen, sulphur, 
as well as with nitrogen and carbon. 

With the exception of titanium, which can be reduced quite read- 
ily to its lower valency state, the rest of the elements of this sub- 
group are almost always tetravalent in their compounds. 

The most important of them, from a practical standpoint, are 
titanium and zirconium. 

238. Titanium; at. wt. 47.90. Titanium is very abundant in nature; 
it constitutes 0.61 per cent of the earth's crust by weight. 

The most important titanium minerals are the titanomagnetites 
FeTiOs .nFesO,, ilmenite FeTiOs, sphene or titanate CaTiSiOs and 
rutile TiOs. The most important of them as a raw material for the 
production of titanium are the titanomagnetites. 
লা largest deposits of titanium ores in the U.S.S.R. are in the 

rals. 

Metallic titanium has a specific gravity of 4.54 and melts at 
1,725° C. It is prepared in the free state from its dioxide by alumi- 
nothermy. Reduction of ferrotitanic ores results in an alloy of ti- 
tanium and iron known as ferrotitanium and used in metallurgy for 
steel production. The addition of about O.1 per cent titanium to 
Steel greatly improves its quality. The action of titanium is based 
partly on its ability to combine with the nitrogen contained in mol- 
ten steel and thus to prevent the separation of the latter as bubbles 
when the steel solidifies; as a result, castings made of this steel are 
homogeneous and contain no cavities. 
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Under ordinary conditions titanium is not very active but at a 
high temperature it combines readily with the halogens, oxygen, 
sulphur, nitrogen and other elements. 

However, the significance of titanium as a very valuable structural 
material became known comparatively recently, after the develop- 
ment of commercial methods of preparing the metal in its pure form. 

Pure titanium is obtained by reducing its chloride with metallic 
sodium or magnesium in an atmosphere of hydrogen, or by decompos- 
ing titanium iodide on a red-hot surface (see p. 545). 

Titanium can be obtained also by the reduction of its dioxide 
TiO; with metallic magnesium. However, the titanium produced 
by this method is not so pure. 

Pure titanium is readily amenable to mechanical treatment. It 
forges well and can be rolled into sheets and bands and even into foil. 
Titanium is just a little heavier than aluminium, but it is three 
times as strong. This promises great opportunities for its applica- 
tion in aircraft engineering. The resistance of titanium to sea water 
makes it a good plating for ships not requiring anti-corrosive coat- 
ings. Titanium can be employed as a material for responsible parts 
in chemical engineering and in turbine manufacture. The use of 
titanium or titanium alloy parts in internal combustion engines 
decreases the weight of the latter by about 20 per cent. 

The extensive use of titanium in engineering led to a rapid rise in 
its output. It will suffice to mention that while only 75 tons of ti- 
tanium were produced in the U.S.A. in 1950, this figure had risen 
to 1,000 tons by 1952 and was about 20,000 tons in 1955. 

The U.S.S.R. possesses large reserves of titanium ores, enabling 
extensive production of metallic titanium. 

At a high temperature titanium combines readily with the halogens, 
oxygen, sulphur, nitrogen and other elements. Titanium combines 
with carbon to form a carbide. Carbides of titanium and tungsten 
with admixtures of cobalt give alloys almost as hard as dia- 
mond. 

Titanium diozide TiO, can be prepared by calcining titanium in 
air or in an atmosphere of oxygen, as a white refractory substance 
insoluble in water and dilute acids. Titanium’ dioxide is amphoteric 
in nature, but both its basic and its acidic properties are manifested 
very weakly. 

Titanium dioxide is used for the manufacture of a white oil paint 
of very high covering power (titanium white) and also for the manu- 
facture of refractory glass, glazes, enamels and heat-resistant labora- 
tory glassware. 

239. Zirconium (Zirkonium); at. wt. 91.22. Thorium; at. wt. 
232.05. Zirconium is rather abundant in the earth’s crust, but it is 
highly dispersed and occurs rarely in considerable accumulations. 
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In the U.S.S.R. deposits of zirconium ores have been found in the 
Donets Basin. 

In the elemental state zirconium is a hard lustrous metal; its 
specilic gravity is 6.5 and melting point 1,860° C. It is used in met- 
allurcy as an admixture to pig iron, raising the quality of the cast 
metal. Steels containing zirconium are suitable for the manufacture 
of armour, armour-piercing Shells, etc. 


For a long time extensive application of zirconium was impeded by 
the difficulty-of its preparation. However, lately the extraction of 
zirconium from its ores has greatly increased owing to the fact 


that the pure metal possesses a number of very valuable properties. 
Its high melting point, sufficient strength and great resistance to 


corrosion, in combination with its almost complete inability to 
capture thermal neutrons, make pure zirconium a good structural 
material for atomic reactors. 


Admixtures of zirconium in copper greatly enhance the strength of 
the latter without hardly decreasing its conductivity. A magnesium 
alloy containing 4 or 5 per cent zinc and 0.6 to 0.7 per cent zirconium 
is twice as strong as pure magnesium and does not lose its strength 
even at 200° C. In 1953, 56.5 per cent of the magnesium alloys manu- 
factured in Great Britain contained zirconium as one of their admix- 
tures. ‘The quality of aluminium alloys can also be considerably 
improved by adding zirconium to them. 

Zirconium diozide ZrO02 is an excellent refractory owing to its 
high melting point (about 2,700° C), its very low coefficient of 
expansion and its stability against chemical action. It is used for 
the manufacture of various refractory Wares, such as crucibles. In 
the glass industry zirconium dioxide is used to manufacture refrac- 
tory glasses, and in the ceramic industry for the production of 
enamels and glazes. 

Zirconium carbide ZrC is employed, owing to its great hardness, 
as a grinding material and as a substitute for diamonds in cutting 
glass. Wide application of zirconium is impeded as yet by the dit- 
ficulty of extracting it from its ores. 

Thorium is a radioactive element, its content in the earth's crust 
being 1 X10-3 per cent by weight. Minerals rich in thorium (such as 
thorite ThSiO,) occur very rarely, and therefore thorium is usually 
referred to as a rare element. The main source for the extraction of 
thorium is the mineral monazite, which contains, besides thorium, 
various rare-earth elements. The largest deposits of thorium ores 
have been found in India. 

In the free state thorium is a metal having a specific gravity of 
11.5, melting at 1,800° C and resembling platinum in appearance. 

The practical importance of thorium is connected with the pro- 
duction of subatomic energy. Of some importance iS thorium nitrate 
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(IV) Th(NO),, used for the preparation of incandescent gas mantles. 


The latter contain about 92 per cent ThO,» and 2 per cent CeO; and 
emit a bright white light when strongly heated. 


VANADIUM SUBGROUP 


Element el লি? RE Arrangement of electrons in layers 
Vanadium . Vv 50.95 23 2 8 11 2 
Niobium . . Nb 92.91 4 2 8 18 12 1 
Tantalum . | Ta | 180.95 73 2 8 18 32 11 2 


240. General Features of the Vanadium Subgroup. The vanadium 
Subgroup includes the three elements, vanadium, niobium and 
tantalum, of the fifth group of the Periodic Table, located in the 
even series of the long periods. Formerly this subgroup included also 
protactinium, which is now usually included in the actinide group 
(see § 266). Having two or even only one electron in the outermost 
layer of their atoms, the elements of the vanadium subgroup differ 
from the elements of the main subgroup (nitrogen, phosphorus, etc.) 
in the predominance of metallic properties and in the absence of 
hydrogen compounds. But the highest valency derivatives of the 
elements of both subgroups resemble each other in many respects. 

The most typical compounds of vanadium and its analogues are 
those in which they are pentavalent. Their highest oxides are of the 
nature of anhydrides, forming respectively vanadic, niobic and 
tantalic acids, each of which has a number of corresponding salts. 
The lower oxides possess basic properties only. 

In the free state vanadium, niobium and tantalum are greyish- 
white metals, very indifferent to all kinds of chemical action and 
with high melting points. The most important practically is vanadium. 

241. Vanadium; at. wt. 50.95. Vanadium compounds are rather 
abundant in nature but they are very dispersed and do not form 
considerable accumulations. For this reason vanadium is consid- 
ered a rare element, although its total content in the earth's crust 
is estimated at 0.02 per cent and is a little higher than that of copper. 

The richest deposits of vanadium ores are in South America, in 
Peru. The world output of vanadium (not counting the U.S.S.R.) 
amounts to several thousand tons per year and falls mainly on Peru, 
the U.S.A., South-Western Africa and Northern Rhodesia. 

The main sources of vanadium in the U.S.S.R. are iron and poly- 
metallic ores, which contain small quantities of vanadium. Usually 
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either an alloy of vanadium and iron, known as ferrovanadium, or 
salts of vanadic acid, are produced from the ores. 

Pure vanadium is a very hard, light metal, its specific gravity 
being 5.8 and its melting point 1,735° C. It does not oxidize in the 
air and is indifferent to hydrochloric and sulphuric acids, but dissolves 
in hydrofluoric acid and in acids which are strong oxidants (nitric 
acid and aqua regia). 

Vanadium forms four oxides: VO, V20s, VO and V20;5. The 
highest oxide of vanadium, vanadic anhydride V20;, is pronouncedly 
acidic in nature; vanadium dioxide VO» is amphoteric; both lower 
oxides possess only basic properties. The most important is V20;5 
and its derivatives. 

Vanadic anhydride V0; is an orange substance, readily soluble 
in alkalis, with which it forms salts of metavanadic acid HVOs, 
an acid which has never been obtained in the free state. The salts 
of this acid are known as vanadates. One of them, the usual commer- 
cial preparation of vanadium, is ammonium metavanadate NH VO. 

The principal field of application of metallic vanadium is steel 
manufacture. Steel containing only 0.1 to 0.3 per cent vanadium 
is very strong, resilient, has a high tensile strength and is insensitive 
to jars and jolts, this being especially important, for instance, for 
automobile axles, which are subject to shocks. In the chemical in- 
dustry vanadic anhydride and vanadates are used as catalysts in 
the contact process for the manufacture of sulphuric acid instead of 
platinum, which is more expensive. Vanadium compounds are used 
also in the glass industry, in medicine and in photography. 

242, Niobium; at. wt. 92.91. Tantalum; at. wt. 180.95. Both 
elements resemble vanadium in many respects. In the free state they 
are refractory, hard, but not brittle and easy to machine. The spe- 
cific gravity of niobium is 8.6 and that of tantalum 16.6; niobium 
melts at 2,415° C and tantalum at 3,000° C. 

Niobium and tantalum are much less abundant in nature than 
vanadium; the content of niobium in the earth's crust is 3.2X1075, 
and that of tantalum 2.4X10-5 per cent by weight. 

In spite of the fact that niobium and tantalum belong to the rare 
elements they are produced in considerable quantities. In 1953 a total 
of 5,000 tons of ores containing niobium and tantalum was mined 
in the capitalist countries. Three quarters of this amount was mined 
in Nigeria and the Belgian Congo. / 

Their exceedingly high resistance to corrosion makes niobium and 
tantalum similar to the noble metals; in some cases they are even 
Superior to platinum. C 

The high resistance of niobium and tantalum to chemical reagents 
renders these metals especially useful for the manufacture of chemical 
apparatuses and various parts of industrial chemical equipment. 
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Cheaper and stronger than platinum, niobium and tantalum are 
gradually forcing it out of many spheres of application. 

Niobium is employed mainly as an admixture to steel, greatly 
improving the mechanical qualities of the latter and its resistance 
to corrosion. Steels containing from 1 to 4 per cent of niobium are 
very heat-resistant and are used for the manufacture of high-pressure 
boilers and parts of jet motors working under high temperatures. 

Steel with an admixture of niobium is an excellent material for 
the electric welding of steel structures, ensuring very high weld 
Strengths. 

Recently tantalum has been employed in surgery for joining broken 
limbs. Its advantage over the materials used formerly for this pur- 
pose is that it does not irritate live tissue, and thus does not impair 
the vital activities of the organism. 

Tantalum and niobium carbides are very hard and are used in the 
metal-working industry for the manufacture of various types of 
cutting tools. 


CHAPTER XXIV 


Metals of the Sixth and Seventh 
Groups of the Periodic Table 


CHROMIUM SUBGROUP 


Element Symbol ৰ] ASB Arrangement of electrons in layers 
Chromium .. Cr 52.01 24 2 8 13 1 
Molybdenum . . . Mo | 95.95 42 2 8 18 | 13 1 
Tungsten .. W | 183.92 74 2 8 | 18 | 32 | 42 2 


The metallic elements of the sixth group of the Periodic Table 
are chromium, molybdenum and tungsten, located in the even series 
of the long periods and constituting the secondary subgroup of 
the sixth group, otherwise known as the chromium subgroup. This 
subgroup formerly included the element uranium, which is now 
regarded as one of the actinides (see § 266). As the chemical proper- 
ties of uranium resemble those of the other elements of the chromium 
subgroup, we shall consider it together with these elements. 

The outermost electron layer of the atoms of the chromium Ssub- 
group elements contains one or two electrons, which accounts for 
the metallic nature of these elements and their difference from the 
elements of the main subgroup. At the same time, their maximum 
positive valency equals 6, as, besides the outer electrons, a correspond- 
ing number of electrons from the incomplete second last layer can 
also take part in the formation of bonds. 

Chromium and its analogues do not form hydrides. Their most 
typical compounds are their derivatives of highest valency, which 
in many respects resemble the corresponding compounds of sulphur. 

The most important element of the subgroup under consideration 
is chromium, which has found diverse applications both in the free 
state and as compounds. The analogues of chromium, molybdenum 
and tungsten, are classed as rare elements; like chromium, they are 
of great practical importance. 

243. Chromium; at. wt. 52.01. The content of chromium in the 
earth’s crust amounts to 0.03 per cent by weight. It occurs in nature 
chiefly as chromite FeO .Crs0 3, rich deposits of which in the U.S.S.R: 
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have been found in Kazakhstan and in the Urals. Outside the 
U.S.S.R. the largest deposits of high-grade chromium ores have 
been found in the Union of South Africa, Turkey, Southern Rhodesia, 
Philippines and in Yugoslavia. In 1953 the production of chromium 
ores in the capitalist countries amounted to 2.9 million tons, or, 
recalculated for metallic chromium, to 1.4 million tons. 

If chromite is reduced with carbon in an electric or regenerative 
furnace, the result is an alloy of chromium and iron known as ferro- 
chrome, Which is used directly in the metallurgical industry for the 
production of chrome steels. Pure chromium is obtained by first 
preparing chromic oxide and then reducing it by aluminothermy. 

Chromium is a hard, white lustrous metal with a specific gravity 
of 7.14 and a melting point of 1,800° C. At ordinary temperatures 
chromium is quite indifferent to air and water. Dilute sulphuric 
and hydrochloric acids dissolve chromium, liberating hydrogen. 
But chromium is, like aluminium, insoluble in cold nitric acid, and 
after treatment with nitric acid becomes passive. 

Metallic chromium is employed mainly in the steel industry. 
Steels containing 1 or 2 per cent chromium are very hard and strong 
and are used to manufacture tools, rifle, and cannon barrels, armour 
plates and various machine parts. Steel containing about 12 per cent 
chromium is commonly known as “stainless steel.” Chrome plating, 
i. e., coating other metals with chromium to protect them from corro- 
Sion, has lately found wide application, especially in the auto- 
mobile industry. Chrome plating is carried out by the electrolytic 
method, which gives a very hard, adherent, lustrous film of metal. 

Chromium forms three oxides: chromous ozide CrO with basic 
properties; chromic ozide Crs0s3 with amphoteric properties and 
chromic anhydride CrOs, a real acidic oxide. In accordance with 
these three oxides chromium has three series of compounds. 


Compounds of Bivalent Chromium. When chromium dissolves in hydrochloric 
acid, the result is a blue solution containing a salt of bivalent chromium, chrom- 
ous chloride CrCl. Tf an alkali is added to this solution a yellow precipitate of 
chromous hydrozide Cr(OH), falls out. If dissolved in sulphuric acid the precip- 
itate is converted into CrSO,, etc. ° 

Bivalent chromium compounds are very unstable and are oxidized by the 
oxygen of the air into compounds of trivalent chromium. 


Compounds of trivalent chromium. Chromic ozide Cr203 is a green 
refractory substance, widely used under the name of green crown 
for the preparation of distemper and oil paint. When fused with sili- 
cates chromic oxide colours them green and is therefore used to 
colour glass and porcelain. 

Chromic hydrozide Cr(OH)s separates out as a bluish-grey pre- 
cipitate when salts of trivalent chromium are treated with alkalis: 


Cr + 30H’ =} CH(OH), 
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Like aluminium, zinc and other hydroxides, it is amphoteric, 
dissolving in acids to form salts of trivalent chromium, and in 
alkalis to form emerald green solutions of chromites, salts of chrom- 
ous acid HCrOs: 


Cr(0H), 4 NaOH = NaCr0, + 2H,0 


However, in such solutions chromium is probably present not as 
CrO-ion, but as the complex anion [Cr(OH),]’ (ef. aluminates, 
p. 611) which forms according to the reaction: 


Cr(0H), + OH’ = [CH(0H),]’ 
CH(OH);, + NaOH = Na [Cr(0H),] 


Complex salts possessing this structure have been obtained in crystal- 
line form. 

On the other hand, chromites obtained by dry methods (for instance 
by fusing Cr20s with oxides of other metals) and known mainly 
for the bivalent metals, have a composition corresponding to the 
formula Me (CrOs)»2. These include also natural chromite Fe(CrOs2)s. 

The most widespread salt of trivalent chromium is the double 
salt of chromium and potassium, chrome alum KCr(SO:,)s-12H0, 
which forms bluish-violet crystals isomorphous with the crystals 
of aluminium alum. It is usually prepared by reducing potassium 
dichromate KsCr20; with sulphur dioxide (see p. 640). Chrome alum 
is used in the leather industry for chrome tanning of leather and in 
the textile industry as a mordant in dyeing. 

Trivalent chromium salts greatly resemble those of aluminium. 
In aqueous solution they are greatly hydrolized and pass easily 
into basic salts..Like aluminium, trivalent chromium does not form 
salts at all with weak acids. 


or 


Solutions of trivalent chromium salts possess a very interesting property: 
ordinarily bluish-violet in colour, they turn green when heated, but regain their 
original colour some time after cooling. This change in colour is due to the for- 
mation of isomeric hydrates of the salts which, according to the Werner theory, 
are complex compounds in which all or part of the water molecules are coordi- 
nationally bound up in the inner sphere. In some cases such hydrates have been 
isolated in the solid form. For instance, the crystal hydrate of chromic chloride 
CrCl, -6H0 is known to exist in three isomeric forms: as blue-violet, dark green 
and light green crystals of exactly the same composition. The nature of the isom- 
ery of chromic chloride hydrates becomes evident from the different attitude 
of the isomers in freshly prepared solution to silver nitrate. Under the action 
of the latter a solution of the blue-violet hydrate precipitates all the chlorine 
contained in it, that of the dark green hydrate 2/s of its chlorine and the light 
‘green hydrate only /s of its chlorine. Tf this, as well as the 6-coordination num- 
ber of chlorine, is taken into account, the crystal hydrates in question may be 
considered to have the following structures: 


[Cr(H20.)] Cl, [Cr(H,0); Cl] Cl,-H20 [Cr (H20), Cl,] CL.2H,0 
blue-violet dark green light green 
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Thus, the isomery of chromic chloride hydrates is due to different arrange- 
ments of the same groups (H20 and CI’) in the inner and outer spheres. 


Compounds of Hezavalent Chromium. The chief compounds of hexa- 
valent chromium are: chromic anhydride CrOs and the salts of its 
corresponding acids, namely chromic HsCrO, and dichromic HsCr20;. 
Both acids exist only in aqueous solution and on attempts to isolate 
them from solution decompose immediately into chromic anhydride 
and water. But their salts are quite stable. Salts of chromic acid 
are called chromates and those of dichromic acid—dichromates. 

The chromates of the alkali metals, which are soluble in water, 
are obtained by oxidizing trivalent chromium compounds in the 
presence of an alkali. For instance, if a solution of potassium chrom- 
ite is treated with bromine, the following reaction ensues, resulting 
in potassium chromate: 


2KCr0, + 3Br, + 8KOH = 2K,Cr0, 46K Br + 4H,0 


2K [Cr(OH),] +3Br, + 8KOH =2K,Cr0, + 6K Br + 8H,0 
+I +IV 
2| Cr —3e- =Cr 
3 | Br, + 2e- =2Br- 


or 


The fact that oxidation is taking place can be judged by the emer- 
ald green chromite solution turning bright yellow, the colour of 
CrO;-ion. 

Chromates can be produced also by dry methods, namely, by 
fusing Crs03 with an alkali in the presence of an oxidant, such as 
potassium chlorate: 


Cr,0, + 4KOH + KCl0,=2K,Cr0, + KCl +-2H,0 


Chromates are usually prepared from natural chromite Fe(CrOs)s; 
if the latter is heated strongly with soda in the presence of the oxygen 
of the air the resulting fusion will contain sodium chromate which 
can be extracted by water: 


4Fe(CrO), 4+ 8Na,CO, + 70, =8Na,Cr0, 4 2Fe,0, 4- 8C0, 


+IL +I 

4 Fe—e- = Fe 
+I +IV 
2Cr—6e_ =2Cr 
-II 

< 0,+4e- =20 


Potassium chromate KsCrO;, can be obtained analogously by taking 
potash instead of soda. 

Almost all the chromates are yellow in colour. Some of them 
are used as paints. For instance, insoluble lead chromate PbCrO, is 
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employed for the preparation of a yellow oil colour, called yellow 
CTOWR. 

If a solution of any chromate, say K2CrO:,, is acidified, the pure 
yellow colour of the solution changes to orange due to the transition 
of CrO0,-ion into CrsOj-ion. From the) resulting solution a salt 
of dichromic acid, potassium dichromate KsCrs07, can be isolated 
as orange-red crystals. The reaction of transformation of chromate 
into dichromate is represented ‘by the equation 


2Cr0; + 2H-— Cr.0; +-H,0 


The arrows show that the reaction is reversible. This means that 
when dichromate is dissolved in water a certain, albeit insignificant, 
quantity of H-and CrO;-ion is formed owing to the interaction 
between Crs0;- ion and water (the solution reacts acid). Tf an alkali 
is added to such a solution the hydroxyl-ion will bind the hydrogen- 
ion in solution, the equilibrium will shift to the left and, as a result, 
dichromate will be converted back into chromate. Thus, in an excess 
of hydroxyl-ion practically only CrOs,, i. e., chromate-ion, exists 
in solution, and in an excess of hydrogen-ion—only dichromate-ion. 

Chromates and dichromates are very powerful oxidants. That is 
why they are used constantly in chemical practice for the oxidation 
of various substances. Oxidation is carried out in acid solution. 
Acting as an oxidant, Cr20;-ion, which contains hexavalent chrom- 
ium, gains electrons and passes into trivalent chromic-ion. Oxida- 
tion is usually accompanied by a sharp change in colour (solutions of 
dichromates are orange, while trivalent chromium salts are green or 
greenish-violet). 

Given below are several examples of oxidation-reduction reactions 
involving dichromates. 

1. Tf hydrogen sulphide is passed through a dichromate solution 
acidified with sulphuric acid, the orange solution turns green and 
at the same time the liquid becomes turbid due to the liberation 
of sulphur: 


K,Cr,0; + 3H,S + 4H,SO, = Cr(S0,)s +85 + K,SO, + THO 


+VI +I 
4| 2Cr 4+ 6e- =2Cr 
-IH 0 
3| S +2e- =5S 


2. Concentrated hydrochloric acid reacts with potassium dichro- 
mate, liberating chlorine and resulting in a green solution, contai- 
ning a trivalent chromium salt: 


K.Cr0; + 14HCI=2Cr0l, 4-301, 2K CLL 7TH,0 
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3. If sulphur dioxide is passed through a concentrated solution 
of potassium dichromate, containing a sufficient amount of sulphuric 
acid, equimolecular quantities of potassium sulphate and chromic 
Sulphate are formed: 


K,Cr,0, 4-350, 4- H,S0,= Cr(S0,), 4 K,S0, + HO 


If the resulting solution is evaporated chrome alum, KCr(SO,)s- 
-12H20, crystallizes out. This reaction is employed for the indus- 
trial preparation of chrome alum. 

The most important dichromates are: potassium dichromate 
KsCr207, which forms large orange-red crystals, and sodium dichro- 
mate NasCrs0;7-2Hs20, which crystallizes with two molecules of 
water. Both salts are widely used under the name of dichromates as 
oxidants in the manufacture of many organic compounds, in the 
leather industry for tanning leather, in the match and textile indus- 
tries, etc. 

A mixture of concentrated sulphuric acid and an aqueous solution 
of potassium or sodium dichromate, known as “chromic acid mix- 
ture,” is often used for vigorous oxidation. 

All chromic acid salts are poisonous. 

Chromic anhydride CrOs separates out as dark red needle-like 
crystals when a saturated solution of potassium or sodium dichro- 
mate is treated with concentrated sulphuric acid: 


K,Cr20; + H,SO,= J2Cr0, 4+ K,S0, + H,0 


Chromic anhydride is one of the most powerful oxidizing agents. 
Some organic substances, such as alcohol, even burst into flame 
when brought into contact with it. In oxidizing other substances, 
chromic anhydride is itself converted into Cr20s. 

Chromic anhydride dissolves readily in water, forming chromic 
and dichromic acids. 

244. Molybdenum (Molibdenium); at. wt. 95.95.The chief natural 
compound of molybdenum is the mineral molybdenite MoS,, very 
Similar in appearance to graphite and long considered such. In 1778 
Scheele showed that the action of nitric acid on molybdenite results 
in a white residue possessing the properties of an acid. Scheele called 
this residue molybdic acid and drew the absolutely correct conclusion 
that the mineral itself was the sulphide of a new element. Five years 
later the element was obtained in the free state by calcining molyb- 
dic acid with charcoal. 

The total content of molybdenum in the earth’s crust is 0.001 
per cent by weight. The largest deposits of molybdenum ores have 
been found in the U.S.A. in the State of Colorado. Deposits of these 
ores have been found also in the U.S.S.R., Mexico, Norway, Morocco 
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and Peru. Large quantities of molybdenum are contained in sulphide 
copper ores. 

The world production of molybdenum ore in 1953 exceeded 30,000 
tons (not counting the U.S.S.R.). 

To prepare metallic molybdenum from molybdenite the latter is 
roasted to convert it into molybdic anhydride, which is reduced 
to the metal with hydrogen or by aluminothermy. If reduced with 
hydrogen the molybdenum is obtained as a powder, owing to its 
very high melting point. 

The powder thus obtained is moulded into rods and then heated 
with a strong alternating current almost to incipient melting, after 
which the caked mass is forged or rolled at a high temperature. 


The method of preparing a compact metal by compressing a metal powder 
and heating the resulting ware to a temperature not high enough to melt the metal 
completely, is known as powder metallurgy, Or metalloceramics. Powder metal- 
lurgy is an advanced method of manufacturing various wares from metals, es- 
pecially refractory ones (tungsten, molybdenum, etc.). Powder metallurgy 
methods are used to make tungsten and molybdenum wire, hard alloys on the 
basis of tungsten and titanium carbides, etc. 


Molybdenum is a silvery-white metal with a specific gravity of 
10.2 and a melting point of 2,622° C. At ordinary temperatures it 
does not change in the air but burns when strongly heated, turning 
into white molybdic anhydride MoOs. Molybdenum is not attacked 
by hydrochloric or dilute sulphuric acid; it dissolves only in nitric 
acid or hot concentrated sulphuric acid. 

About 90 per cent of all the molybdenum produced is used for 
the production of various special brands of steel. The introduction 
of molybdenum into steel increases its resilience, makes the steel 
stronger, refractory and resistant to corrosion. Molybdenum steels 
are quite indispensable in the aircraft and automobile industries. 
They are used also for the manufacture of rifle and cannon barrels, 
armour plates, shafts, etc. 

Molybdenum may be hexa-, penta-, tetra-, tri- and bivalent in 
its compounds. The most stable compounds are those of hexavalent 
molybdenum. The most important of them are the salts of molybdic 
acid H2MoO:,, known as molybdates, and often of a very complex 
composition. 

Ammonium molybdate (NH;,)sMo70s,-4Hs0 is used in analysis for 
the detection and quantitative determination of phosphoric acid 
with which it forms a characteristic yellow precipitate of the com- 
position (NH,),PO, -12MoO, -6H,O0. 

If an acidified solution of molybdic acid is reduced with zinc, 
a dark blue liquid results, this being a colloidal solution, known as 
molybdenum blue, of the composition Mos0:, (a mixture of various 
molybdenum oxides). Molybdenum blue is readily adsorbed by 
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vegetable and animal fibres and is used for colouring feathers, 
hair, furs, silk, etc. 

245. Tungsten (Wollram); at. wt. 183.92. The natural compounds 
of tungsten are in most cases salts of tungstic acid H2WO;. The most 
important tungsten ore, wolframite, is an isomorphic mixture of iron 
and manganese tungstates (Fe, Mn) WO:. 

Another frequently occurring mineral is scheelite CaWO,, So named 
in honour of Scheele who in 1781 first obtained tungstic acid from it. 

Tungsten is less abundant in the earth's crust (0.007 per cent by 
weight) than chromium but somewhat more s0 than molybdenum. 
Large deposits of tungsten have been discovered in China, Burma, 
Bolivia, on the Malay Islands and in Portugal. In 1953 the world 
production of tungsten ore (not counting the U.S.S.R.), recalculated 
for WOs, exceeded 42,000 tons. 


‘To extract tungsten from wolframite the latter is fused wi th soda in the proes- 
ence of air. The tungsten passes into sodium tungstate Na, WO, which is leacl 
out of the resulting fusion with water, while the iron and manganese are converl- 
0d into the insoluble compounds Fes0s and MnO, (cf. production of chromates 
from chromite). 

Free tungstic acid can be isolated as an amorphous yellow precipitate from 
the resulting aqueous solution by the action of hydrochloric acid: 


NasWO,-+-2HCI= } H.WO, + 2NaCl 
If tungstic acid is calcined it passes into tungstic anhydride WOg. The me- 


tallic tungsten powder obtained by reducing the anhydride with carbon or hy- 
drogen is then subjected to the same treatment as molybdenum powder to convert 


it into the compact metal. 


Metallic tungsten is a heavy white metal with a specific gravity 
of 19.3. Its melting point (3,380° C) is higher than that of any other 
metal. Tungsten can be welded and drawn into fibres as thin as 
0.2 mm. in diameter. 

Tungsten oxidizes in air only at red heat. It is very indiliferent 
to acids, even to aqua regia, but dissolves in a mixture of nitric 
and hydrofluoric acids. 

Most of the tungsten extracted is employed in metallurgy for the 
preparation. of special steels and alloys. High-speed tool steel con- 
tains up to 18 or 22 per cent of tungsten and is capable of self-hard- 
ening. Such a steel does not lose its hardness even if heated to red- 
ness. That is why the use of cutting tools made of tungsten steel 
makes it possible considerably to increase the metal cutting speeds. 

Another branch of industry which makes wide use of tungsten 
is the manufacture of electric incandescent light bulbs, for which 
tungsten is indispensable owing to its high melting point. As is 
known, the quantity of light emitted by a hot body depends on the 
temperature of the body. The higher the temperature, the higher the 
relative amount of thermal or electric energy converted into luminous 
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energy. The carbon filaments used in the first electric light bulbs 
could not be heated above the temperature of emission of yellow 
light, as the carbon would begin to evaporate at higher temperatures; 
tungsten, on the other hand, does not evaporate practically even at 
White heat. The use of tungsten filaments in incandescent lamps 
made it possible to convert a larger portion of the electrical energy 
into luminous energy than with the use of carbon filaments. That is 
why electric light bulb filaments are now made almost exclusively 
of tungsten. 

Tungsten compounds greatly resemble those of molybdenum. The 
most important are tungstic acid H2WO, and its salts, known as 
{ungstates. Some tungstates are used as oil colours. 

The tungsten carbides WC and W2C are almost as hard as diamond. 
They are composite parts of the so-called Superhard carbide alloys, 
widely used in the national economy. For instance, the alloy “po- 
bedit” manufactured by Soviet plants consists of tungsten carbides 
with a 10 per cent admixture of metallic cobalt. The use of superhard 
carbide alloys in the metal-working industry has made it Possible 
considerably to increase machine output. J 

246. Uranium; at. wt. 238.07. Uranium is less abundant in nature 
than the metals of the chromium Subgroup. Its content in the earth’s 
crust amounts to 0.0004 per cent by Weight. The most important 
uranium ore, pitch-blende, is a mineral of very complex composition, 
containing about 80 per cent of the oxide UsO0s. Rich deposits of 
this ore have been found in Central Africa (Belgian Congo). Supplies 
of uranium ores have been discovered also in Canada, the U.S.A., 
Norway, Australia and other countries. 

Uranium is a white metal having a specific gravity of 18.3 and a 
melting point of 1,133° C. Unlike molybdenum and tungsten, ura- 
nium is very active: if even gently heated it bursts into flame in the 
air, combines readily with the halogens and sulphur, displaces 
hydrogen from dilute acids, forming salts in which it behaves like 
a tetravalent metal. In very finely divided form it will displace 
hydrogen even from warm water. 

Uranium forms a rather large number of compounds. The most 
characteristic of them are those in which it is hexavalent. 

Uranium triozide or uranic anhydride UO; is produced as an 
orange powder by the decomposition of certain more complex ura- 
nium compounds. Tt has the character of an amphoteric oxide, forming 
Salts with both acids and bases. When dissolved in acids, uranium 
trioxide forms salts in which the part of the metal is played by the 
Positive doubly charged ion U0; *, known as uranyl (for instance, 
UOC], ete.). 

Uranyl salts are usually yellowish-green and dissolve readily in 
Water. Uranyl nitrate UO» (NO;)s is used in photography. 
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Under the action of alkalis, solutions of uranium salts give salts 
of uranic acid H2UO;, called uranates and diuranates, such as 
NasUO:; and NasU20;. Many other uranates can be obtained by 
heating UOs with various basic oxides. Sodium diuranate NasUs20;7 
is used to colour porcelain and for the manufacture of uranium glass, 
which fluoresces with a yellowish-green colour. 

If uranium or its compounds are calcined in the air the result is 
always the mixed oxide UsOs (or UOs;-2U0;), the most stable of 
all the uranium oxides. 

As to the use of uranium for the production of atomic energy 
see § 267. 


MANGANESE SUBGROUP 


Atomic |Atomic Arrangement of electrons 
Element Symbol) weight |number on layers 
Manganese . Mn 54.94 25 2 8 13 2 
Technetium Te 99 * 43 2 8 18 13 2 
Rhenium . . | Re 186.91 75 2 8 18 32 19 2 


* Stablest isotope. 


The secondary subgroup of the seventh group includes the elements 
of the even series of the long periods manganese, technetium and 
rhenium. The relation between these elements and those of the main 
subgroup of the seventh group, i.e., the halogens, is about the same 
as between the elements of the main and secondary subgroups of 
the sixth group. Having only two electrons in the outermost layer 
of their atoms, manganese and its analogues are incapable of gaining 
electrons, and, contrary to the halogens, do not form hydrides. 
However, the highest oxygen compounds of these elements have some 
resemblance to the corresponding compounds of the halogens, as 
seven electrons can participate in the formation of bonds with oxy- 
gen just as is the case with the halogens. Therefore, their highest 
positive valency equals 7. 

Of the elements of the manganese subgroup, the most important 
is manganese itself. Rhenium, discovered in 1925, is a very rare 
element, but, owing to a number of valuable properties, has already 
found certain. practical applications. Technetium does not occur 
in nature. It was produced artificially in 1937 by bombarding mo- 
lybdenum nuclei with deuterons, heavy hydrogen nuclei, accelerated 
by means of a cyclotron (see § 261). Technetium was the first element 
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obtained artificially, “technically”, which accounts for its name. The 
chief raw materials for the preparation of technetium are the prod- 
ucts formed during the operation of nuclear reactors (see § 267). 

247. Manganese (Manganum); at. wt. 54.94. Manganese is one of 
the more abundant elements, constituting 0.1 per cent of the weight 
of the earth's crust. The most frequently occurring natural compound 
containing manganese is the mineral pyrolusite, manganese dioxide 
MnO». Of great importance are also the minerals hausmannite MnO , 
and brownite Mn203. Deposits of high grade manganese ores have 
been found in South Africa, India and Brazil. 

The production of manganese ore (recalculated for metallic man- 
ganese) amounted to 2.36 million tons in 1953 in the capitalist coun- 
tries alone. The U.S.S.R. possesses especially large reserves of manga- 
nese. Very rich deposits of pyrolusite have been found in the Trans- 
caucasia (Chiatura deposits) and in the Ukraine, in the Nikopol 
District; considerable reserves of manganese ores have been found 
also in the Urals and in Western Siberia. The U.S.S.R. possesses the 
largest reserves of high-grade manganese ores in the world. 

Metallic manganese is prepared by reduction of its oxides with 
aluminium. It is a hard lustrous metal with a specific gravity of 7.4, 
resembling iron in appearance and melting at 1,250° C. In the air 
manganese becomes coated with a thin oxide film. In the e.m.‘f. 
series manganese stands between aluminium and zinc; it dissolves 
readily in dilute acids, liberating hydrogen and forming Mn''-ion. 

The most important application of manganese is in the metallur- 
gical industry. The addition of manganese to pig iron when the latter 
is being converted into steel helps to remove the sulphur contained 
in the iron by forcing it into the slag; in the absence of manganese 
the sulphur remains in the steel and greatly inhibits its mechanical 
properties. Manganese is not used in the pure form in steel smelting, 
but in the form of its alloys with iron, known as spiegel and ferro- 
manganese. Spiegel or specular iron is obtained by reducing a mixture 
of iron and manganese ores with coke in a blast furnace, and contains 
10 to 25 per cent manganese; ferromanganese, which contains up 
to 80 per cent manganese, is prepared from pyrolusite and iron 
ores in electric furnaces. Steel containing 12 to 15 per cent manga- 
nese is very hard and highly resistant to shocks and wear. It is used 
for the manufacture of crushing machines, railw, 
steels (i.e., alloys of steel and other metals 
manganese, admixtures of chromium and 
used in engineering. A very important allo 
ing is manganin (83 per cent copper, 13 
4 per cent nickel); manganin wire is used 
as its electrical conductivity is almost ind 
ture. 
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Manganese forms five simple oxides, namely, MnO, Mns20s3, MnoOs, 
MnO3, Mns07; and a mixed oxide MnO, (or MnO .Mns03). The 
first two oxides are basic in character, manganese dioxide MnO; is 
amphoteric. and the higher oxides MnOs and Mns0; are acid anhy- 
drides. Thus, the character of the oxide gradates with increasing 
Valency in the same manner as in the chromium Subgroup. 

The most important practically are the derivatives of bivalent 
manganese, manganese dioxide and the salts of permanganic acid, 
known as permanganates, in which manganese is heptavalent. 

Compounds of Bivalent Manganese. Bivalent manganese salts are 
obtained by dissolving manganese in dilute acids or by the action 
of acids on various natural manganese compounds. For instance, 
manganous chloride MnCl,» can be evolved as light pink crystals 
from the solution left after the preparation of chlorine by the action 
of hydrochloric acid on manganese dioxide. In the solid form man- 
ganous salts are usually pink; their solutions are almost colourless. 

The addition of alkalis to solutions of bivalent manganese salts 
throws down a white precipitate of manganous hydrozide Mn(OH 
The precipitate dissolves readily in acids, but is insoluble in alkalis, 
as manganous hydroxide possesses only basic properties. In the air 
the precipitate darkens rapidly, being oxidized into brown hydrated 
manganese dioxide Mn(OH);,. 

Manganous oxide MnO can be produced as a green powder by re- 
ducing manganese oxides with hydrogen. 

Compounds of Tetravalent Manganese. The most stable compound 
of manganese is manganese diozide MnO2; it is formed readily both 
by oxidation of the lower compounds of manganese and by reduction 
of its higher compounds. Manganese dioxide is amphoteric in charac- 
ter. However, both its acidic and basic properties are but weakly 
pronounced. 

Manganese dioxide is a rather powerful oxidizing agent. It is 
used as such, for instance, in the preparation of chlorine from hydro- 
chloric acid, in dry galvanic cells, in glass manufacture, in the match 
industry, etc. Tetravalent manganese salts, for instance MnCl,, 
Mn(SO0 ;),, are very unstable. 

Compounds of Heza- and Heptavalent Manganese. If manganese dio- 
Xide is fused with potash and saltpetre (as an oxidant) the result is 
a green fusion which dissolves in water to give a beautiful green 
Solution. From the latter dark green crystals of potassium manganate 
K2MnO, can be isolated. This salt is very unstable even in man- 
Zanic acid (H,MnO;) solution. 

Potassium manganate forms according to the following equation: 


+IV +V- +VI +I 
MnO, K,CO,-KNO,= K,Mn0, + KNO, + CO, 
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If a green manganate solution is left standing in the air, its colour gradually 
changes, passing from green to blue and finally to violet. The change in colour 
is due to the fact that in aqueous solution manganates change spontaneously into 
permanganates, salts of permanganic acid HMnOs,, and manganese dioxide. 

The reaction that takes place may be represented by the equation 


SK,MnO, + 2H,0 — 2KMnO0, + MnO, + 4KOH 
manganate permanganate 
or ils ionic equivalent 
3Mun0; + 2H,0 == 2MnO; 4+ MnO, + 40H’ 
+V1 +VD 
2|Mn—e” = Mn 


+VI + IV 
1 | Mn + 2e7 = Mn 


In this reaction a MnO; ion oxidizes two similar ions into MnO, ions, and is 


itself reduced to manganese dioxide MnO. 

The transformation of manganate into permanganate is a reversible reaction. 
‘Therefore, in the presence of an excess of hydroxyl-ion a green solution of man- 
ganate can keep for a long time without changing. However, if an acid is added, 
binding the hydroxyl-ion, the green colour changes almost instantaneously to 
dark red. 


If a manganate solution is treated with a powerful oxidizing agent, 
such as chlorine, all the manganese passes from the hexavalent into 
heptavalent state, and thus the manganate is converted completely 
inlo permanganate: 


2K MnO, 4-Cl,= 2K MnO, + 2KCI 


Potassium permanganate KMnO; is practically the most important 
Salt of permanganic acid. It crystallizes in beautiful dark violet, 
almost black, prisms, moderately soluble in water. Solutions of po- 
tassium permanganate are dark red and at higher concentrations 
violet, which is the characteristic colour of MnO,’-ion. Like all com- 
pounds of heptavalent manganese, potassium permanganate is a 
powerful oxidant. It readily oxidizes many organic substances, 
converts ferrous salts into ferric, oxidizes sulphurous acid into sul- 
phuric, displaces chlorine from hydrochloric acid, etc. 

In oxidation reactions involving potassium permanganate hepta- 
Valent manganese is reduced either to the tetravalent state, in which 
case the product is manganese dioxide, or to the bivalent state, 
forming salts of manganous oxide. The nature of the oxidation re- 
action depends on the medium in which it is carried out. In acid 
Solution heptavalent manganese is reduced to bivalent, in neutral 
Or alkaline solution—to tetravalent. Both cases may be illustrated 
graphically by the reactions between potassium permanganate and 
soluble sulphites in acid and neutral solution. 
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If potassium sulphite K2503 is added to a red-violet solution of 
potassium permanganate acidified with sulphuric acid, the liquid 
turns almost colourless, as the bivalent manganese salt formed is of a 
light pink colour. The reaction that takes place can be expressed by 
the equation 


2K MnO, 4+ 5K,50, + 3H,50,= 2MnS0, 4-6K,50, + 3H,0 
or in the ionic form 


2MnO0, 4-550; 4-6H- = 2Mn"- +550, + 3H,0 
+VIL +1 
2 Mn + Be” = Mn 
+IV +VI 
518 —2e" =5 
The addition of K 250; to a neutral solution of potassium perman 
ganate also decolourizes the solution, but a brown precipitate of 
manganese dioxide falls out besides, and the liquid becomes al- 
kaline: 
2K MnO, 4+ 3K,50, + H,0 = 4 2Mn0, 4-3K,50,4-2KOH 


or in the ionic form 
2MnO0; 4-350; 4- H,0 = } 2Mn0; 4-350; + 20H" 


#VIL +IV 
2| Mn 4+ Be” = Mn 
+IV +VI 

31S —2- =S 


[In alkaline solution the reaction usually follows the same course 
a8 in neutral. In exceptional cases, with very high concentrations of 
alkali and small quantities of reductant, manganate-ion may result 
instead of MnOs, according to the equation 


2Mn0; +50; 4-20H’ = 2MnO; + S07 + H,0 


+*VI +VT 
2| Mn + ¢7 = Mn 

+IV +VI 
11S— 2%" =5 


Potassium permanganate is widely used as a powerful oxidant in 
chemical practice and is also an excellent disinfectant. 

If heated dry potassium permanganate decomposes at as low an 
temperature as 200° C, according to the equation 


2KMnO,= K,Mn0, + MnO, + 0, 


This reaction is sometimes employed in the laboratory for the 
generation of oxygen. 

Free permanganic acid HMnO;, corresponding to the permanga- 
nates, has not been obtained in the anhydrous state and is known only 
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in solution. The*concentration of its solution may be increased as 
high as 20 per cent. It is a very strong acid, completely ionized in 
aqueous solution; its apparent degree of ionization in 0.1N solution 
equals 93 per cent. 

Moanganic anhydride Mns0; can be obtained by the action of con- 
centrated sulphuric acid on potassium permanganate: 


2K MnO, 4+ H,S0, = Mn,0; 4+ K,S0, 4 H,0 


It is a greenish-brown oily liquid, very unstable, decomposing 
eruptively into manganese dioxide and oxygen when heated or 
brought into contact with combustible substances. 

248. Rhenium; at. wt. 186.31. The existence of rhenium in nature 
was predicted as far back as 1871 by D. Mendeleyev, who called it 
eka-manganese. Rhenium is one of the most dispersed elements and 
does not form individual minerals. It is contained in insignificant 
quantities in certain molybdenum ores and other rare minerals. 

In the free state rhenium is a white metal resembling platinum in 
appearance; its specific gravity is 20.9 and its melting point 3,170° C. 
Dilute hydrochloric and sulphuric acids do not attack rhenium. 
Nitric acid dissolves it readily, oxidizing it to perrhenic acid HReO ,. 

Rhenium forms several oxides, of which the most stable and char- 
acteristic is rhenic anhydride ResO0z, a yellow solid. Rhenic anhy- 
dride reacts with water to give a colourless solution of perrhenic acid 
HRe0O, which forms a series of salts known as perrhenates. Unlike 
permanganic acid and its salts, perrhenic acid and the perrhenates 
do not, as a rule, possess oxidizing properties. 

Owing to its refractoriness, metallic rhenium is of great interest in 
electrical engineering: admixtures of rhenium raise the resistance of 
tungsten filaments used in electric light bulbs and increase their 
lifetime. Rhenium is used as an alloy with platinum for the manu- 
facture of high precision thermocouples suitable for measuring tem- 
peratures up to 1,900° C. Rhenium alloys are used to manufacture 
the tips of steel fountain-pen nibs, bearing pin points for compass 
needles, and other parts requiring great. hardness and high resistance 
to wear and: corrosion. Rhenium'is used also as a catalyst in various 
chemical processes. 


CHAPTER XXV 


Fighth Group of the Periodic Table 


The eighth group of the Periodic Table consists of the three triads 
of elements located in the middle of the long periods. The first triad 
‘comprises the elements iron, cobalt and nickel (atomic numbers 
26 to 28), the second triad includes ruthenium, rhodium and polla- 
dium (atomic numbers 44 to 46) and the third triad—osmium, 
iridium and platinum (atomic numbers 76 to 78). 

Most of the elements of the eighth group have two electrons in the 
outermost electron layer of their atoms, so that their properties are 
predominantly metallic. Besides the outer electrons, they are capable 
of yielding electrons from their incomplete second last layer, mani- 
festing a valency of 4-3, 4, ete. However, valency exceeding 
4 is manifested very rarely. 

A comparison of the physical and chemical properties of the ele- 
ments of the eighth group shows that iron, cobalt and nickel, situat- 
ed in the first long period, resemble each other very closely but 
dilfer pronouncedly from the elements of the two other triads. For 
that reason they are usually united into a separate iron subgroup. 
The other six elements of the eighth group are united under the 
generic name of platinum metals. 


IRON SUBGROUP 


Bement Symbol HE SRC SISO tN COONS in 
TROP 0070 Gy sl Leela as by Fe 55.85 26 2 8 14 2 
ODA, Et a Co 58.94 27 2 8 15 2 
HILESN fi ng ty Ni 58.69 28 2 8 16 2 


249. Iron in Nature. Iron (ferrum), at. wt. 55.85, is the most abun- 
dant metal on the globe, after aluminium, constituting 4.2 per cent 
of the weight of the earth’s crust. Iron occurs only in the form of 
various compounds: oxides, sulphides, silicates. It is found in th 
free state only in meteorites that fall on the earth. i 
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The most important iron ores are: magnetic iron ore or magnetite 

Fe,0,, red iron ore or hematite FesO0s3, brown hematite or limonite 
2Fe,0,-9H30 and spathic iron or siderite FeCOs. Iron pyrites or 
Just pyrite FeSs is rarely used in metallurgy, as the iron obtained 
from it is of very low quality, due to high sulphur content. Being 
of little interest for metallurgy, pyrite has nevertheless found an 
important application as a raw material for the manufacture of 
sulphuric acid. 
In the Soviet Union deposits of iron ores have been found in the 
rals, in the form of hills (e.g., Magnitnaya, Kachkanar, Vysokaya, 
elec.) made up of magnetic iron ore of excellent quality. No less rich 
deposits have been found in the Krivorozhye District and on the 
INerch Peninsula. The Krivorozhye ores, which feed the Ukrainian 
metallurgical industry, consist of hematite and the Kerch ores, of 
imonite. Large deposits of iron ore have been discovered near 
Kursk in the region of the so-called Kursk Magnetic Anomaly. Im- 
mense reserves of iron ore have been detected also in the depths of 
Kola Peninsula, in Western and Eastern Siberia and in the Far 
East. The total reserves of iron ore in the U.S.S.R. constitute more 
than half the world’s reserves of iron. 

Of all the metals extracted by man, iron is the most important in 
our life. All modern engineering is connected with the use of iron and 
ils alloys. To illustrate the importance of iron it will suffice to men- 
tion that the amount of iron produced exceeds the total output of 
all the other metals taken together about twentyfold. 

The extraction of iron grew especially rapidly during the past 
century. As late as the beginning of the XIX century the world 
production of pig iron was only 0.8 million tons per year, but by the 
end of the XIX century it had already reached 66 million tons per 
year. In 1929 the world production of steel attained 115.7 million 
tons, after which it fell sharply during the crisis years (to a low of 
‘4.8 million tons in 1932); and then increased again. By 1939 it had 
reached 117.2 million tons, and in 1954 amounted to 171 million tons 
(not counting the U.S.S.R.). 

250. Smelting of Pig Iron. The method used for the production of 
iron from its ores is fundamentally very simple and consists essen- 
lially in the reduction of iron oxide with coke. However, as molten 
iron dissolves carbon, this operation does not result in pure iron, 
but in an alloy known as pig iron, containing up to 5 per cent carbon, 
as well as certain other impurities. 

Pig iron is smelted in large blast furnaces, built of refractory brick, 
up to 80 feet high and about 20 feet in inside diameter. 

Fig. 154 shows diagrammatically a vertical section of a blast 
furnace. Its upper half is called the shaft, at the top of which is the 
throat. sealed by means of the bell locker, consisting of two cone-shaped 
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valves. Just below the widest part of the blast furnace is the 
bosh, and below that, the hearth. Hot air is blown into the furnace 
through tuyéres, special holes at the bottom. 

The blast furnace is charged first with coke and then alternately 
with a mixture of ore, coke and flux and with pure coke. Combustion 
and the temperature needed to smelt the pig iron are sustained by 
blowing preheated air into the hearth. The latter enters a main en 
circling the furnace just below its widest part and thence passes 
through bent pipes and the tuyeres into the hearth. In the hearth 
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Fig. 154. Cross-section of blast 


furnace 


Fig. 155. Blast furnace 
process 


the coke is converted into carbon dioxide, which is reduced to carbon 
monoxide as it rises through the layer of red-hot coke above it. The 
carbon monoxide, in its turn, reduces most of the ore and passes 
back into carbon dioxide. 

The ore is reduced mainly in the upper part of the shaft, the sum 
mary equation of this reaction being as follows: 


Fe0, + 3C0 =2Fe +300, 


The individual steps of this process are shown as equations in 
Fig. 155. 


The gangue contained in the ore reacts with the flux to form 
slag. 
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The reduced iron settles, still solid, into the top of the bosh, which 
is the widest and hottest part of the blast furnace, and here, at a 
temperature of 1,200° C, is melted in contact with the coke, parti- 
ally dissolving it and turning into pig iron.* The molten pig iron 
trickles down to the bottom of the hearth, the liquid slag accumulat- 
ing on its surface and protecting it from oxidation. The pig iron and 
slag are discharged periodically as they accumulate, through special 
tap-holes which at other times are plugged up with clay. 
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Fig. 156. Operation of blast furnace together with Cowper stoves: 


1—blast furnace; 2—Cowper stove being heated; 3—Cowper stove 
heating air; 4—blower; 5—chimney stack; 6—gas channel; 7—smoke 
valve;8—air pipe 


The carbon dioxide formed during the reduction of the ore rises,to 
the top of the shaft, where it is partly reconverted into carbon monox- 
ide. For this reason the gases discharged from the throat of the blast 
furnace contain up to 25 per cent carbon monoxide. They are burnt 
in special Cowper stoves for preheating the blast of air blown into the 
furnace. 

Cowper stoves are tall, cylindrical towers built of brick and having 
vertical channels inside (Fig. 156). The blast furnace gases enter the 
stove and burnin it, heating the walls of the channels to redness. At 
the same time the air being blown into the blast furnace passes 
through the other stove which has already been heated in a similar 
manner. After some time the air blast is switched to the first stove, 
and the second stove is heated with the blast furnace gases, etc. 


* The addition of carbon to iron greatly lowers its melting point. Pure iron 
melts at 1,535° C, while a eutectic alloy of iron and carbon, containing 4.3 per 
cent carbon, melts at 1,150° C. 
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Blast furnaces operate continuously. As the upper layers of ore and 
coke sink downwards, fresh portions of ore-flux-coke mixture are 
added. This mixture, known as the charge, is hauled up a steep 
track in skip cars to the platform at the top of the furnace, and is 
dumped into an iron hopper closed at the bottom by the bell locker. 
When the bell is depressed the charge drops into the furnace. The 
furnace operates day and night for several years until it requires a 
general overhaul. 

Blast furnace performance is appraised by the “useful-blast-furnace- 
volume-to-daily-production” ratio obtained by dividing the fur 
nace volume in cubic metres by the daily output of the furnace in 
tons. For instance, if the volume of the furnace is 900 cu. m., and 
the output 500 tons per 24 hours, the “useful-blast-furnace-volume 
to-daily-production” ratio will be 900/500 = 1.8. Thus, the smaller 
this ratio, the higher the output of the furnace. 

Before the Revolution the useful-volume-to-daily-production ratio 
of blast furnaces in the south of Russia was about 2.30. Soviet met 
allurgy has greatly increased the efficiency of the blast furnace proc- 
ess by extensive development of progressive Working methods and 
has brought the useful-volume-to-daily-production ratio down to 
an average of 0.80. 

The use of oxygen offers great opportunities for accelerating the 
process of pig iron smelting in blast furnaces. Ifairenriched with 
oxygen is blown into the blast furnace, it need not be preheated, 
eliminating the necessity of using complex and clumsy Cowper 
Stoves, and greatly simplifying the entire metallurgical process. 
At the same time, the productivity of the blast furnace increases 
sharply and the fuel consumption decreases. A blast furnace operat- 
ing on oxygen blast yields one and a half times more metal and con- 
sumes 25 per cent less coke than with an ordinary air blast. 

The pig iron produced by blast furnaces averages about 93 per 
cent iron, up to 5 per cent carbon and contains minor quantities of 
silicon, manganese, phosphorus and sulphur. 

When the pig iron solidifies, the carbon in it may crystallize out 
as graphite, or combine with the iron to form iron carbide Fe,C, 
known also as cementite. Unlike graphite, the softest component of 
Pig iron, cementite is its hardest component. Upon prolonged heat- 
ing up to 900° C or more, cementite decomposes into iron and graph- 
ite, this taking place especially readily in the presence of silicon. 
That is why pig iron containing considerable quantities of silicon 
(from 2 to 3.5 per cent) is grey in colour, due to the liberated graph- 
ite. Such pig iron is known as grey pig iron; it is not very hard, can 
be cast readily into various shapes, but is brittle and fractures 
easiiy when struck. Grey pig iron is used for casting machine frames, 
flywheels, drainage pipes, plates, etc. 
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Pig iron containing almost all its carbon in the form of cementite 
is harder and whiter than grey pig iron and for this reason is known 
as white cast iron; it is distinguished by an insignificant silicon con- 
tent (under 1 per cent) and a high manganese content (1 to 1.5 per 
cent).White cast iron is not used as such but is re-treated to make- 
steel and iron, which differ from pig iron in their lower carbon con- 
tent and absence of other impurities (silicon, phosphorus, manga- 
nese). A product containing from 0.3 to 2 per cent carbon is called 
hard steel, and if it contains less than 0.3 per cent carbon it is known 
as mild steel or iron. 

251. Production of Iron and Steel lrom Pig Iron. Two principal 
methods are used at present for the production of steel and iron 
from pig iron. They are both based on the 
oxidation of the impurities in the pig iron. 

The Bessemer process consists in blowing 
a strong blast of air through the molten pig 
Iron. 

The Bessemer ‘process is accomplished in 
large pear-shaped iron vessels called converters 
(Fig. 157), lined on the inside with silica 
brick and holding up to 40 or 50 tons of pig 
iron at a time. The converter is mounted on 
horizontal trunnions, around which it can be 
tilted by means of gears. The bottom of the 
converter has a large number of small openings 
and an air chamber fastened to it for the 
blast. The converter is filled with molten pig 
iron and air is blown into the air chamber. 
Passing through the openings in the bottom Os 0) i 
the converter, the air penetrates through the ni [ CL he 
entire mass of the pig iron and oxidizes its verter 
impurities. The first to burn out, passing into 
the slag, are silicon and manganese, which are followed by carbon. 
The entire Bessemer process lasts about 10 to 20 minutes, after 
which the converter may be emptied by tilting. 

The Bessemer process produces iron containing less than 0.3 per 
cent carbon. If it is desired to obtain steel, the air blast is either 
shut off before all the carbon has burnt out, or a definite amount of 
pig iron rich in carbon is added to the iron produced in the converter, 
after which air is again blown through for a short period to mix the 
ingredients. 

If the pig iron contains phosphorus, the latter cannot be eliminated 
with the usual converter lining. At the same time, phosphorus must 
be removed, as its presence makes the iron short (or brittle). In such 
cases on the suggestion of the English inventor Thomas. the lining 
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of the converter is made of a mixture of magnesium and calcium 
oxides obtained by roasting the mineral dolomite MgCOs-CaCOs, 
and 10 to 15 per cent lime is added besides to the pig iron. The 
P05; resulting from the combustion of the phosphorus combines 
with the lime, giving slags which can be used as fertilizers and are 
known as Thomas slags. 

The Bessemer process has a number of shortcomings. Owing to the 
intensive oxidation that takes place when air is blown through the 
mass of molten pig iron, a considerable amount of metal is burnt 
out, and the yield of steel averages about 90 per cent of the weight of 
the pig iron. The production of low-carbon steels leads to even higher 
losses of iron. Besides, due to the strong blast of air some of the slag 
gets entangled in the iron and remains in it when it is cooled, 
spoiling its quality. 

A more perfect method is the open-hearth process, by which the pig 
iron is treated in regenerative furnaces (p. 438). In these furnaces the 
Pig iron is melted together with scrap iron and a small quantity of 
ore. The admixtures are burnt out partly at the expense of the oxy- 
gen of the air entering the furnace together with the combustible 
gases and partly at the expense of the oxygen in the ore added. 

Regenerative furnaces may have either an acid silica lining or a 
basic lime lining. By adding scrap iron and ore to the pig iron in def- 
inite proportions the steel can be produced with any desired content 
of carbon and is higher in quality than Bessemer steel. 

The productivity of open-hearth furnaces is characterized by the 
amount of steel produced per 24-hour day per sq. m. of hearth area. 
It was formerly considered that four tons per sq. m. per day was the 
upper limit of furnace output. However, the experience of foremost 
Workers and engineers at Soviet plants has shown that much higher 
outputs can be obtained from open-hearth furnaces. At present 
the daily output of steel per sq. m. of hearth area constitutes 
6.55 tons. 

Lately electric furnaces have found wide use for steel production. 
The source of heat in these furnaces is electric power, which greatly 
simplifies the process and creates favourable conditions for control- 
ling the melting conditions. The most widespread furnaces are the 
electric arc type which easily give a temperature of 2,000° C and 
higher. The very process of steel smelting in electric furnaces hardly 
differs from the open-hearth process, but owing to the possibility 
of regulating the furnace temperature and therefore the course of 
the process, the quality of the steel produced is higher. This method 
is ls for the production of tool steel and various special types of 
steel. 

Especially important brands of steel for responsible parts and tools 
are made by the so-called crucible processes. A mixture of various 
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types of steel and special admixtures is placed in crucibles, which 
are covered and placed on the hearth of a reverberatory furnace 
of the open-hearth type where the mixture is melted and yields 
steel of a definite grade. 

Scientific and engineering thought is now occupied also with the 
problem of obtaining iron by direct reduction from its ores at moderate 
temperatures. To produce iron according to this method, the 
ground iron ore is reduced with coke or gas at 800 to 1,000° C; 
then part of the gangue and the ash of the reducing agent is elimi- 
nated by means of a magnetic separator and the resulting spongy 
iron is re-treated in open-hearth or electric furnaces to produce 
steel. Any solid or gaseous fuel may be used as the reductant. Steel 
obtained from reduced iron has high mechanical properties. However, 
present-day plants for the direct production of iron from its ores are 
still rather clumsy and far from perfection, which limits the use of 
the method. 

252. Heat Treatment of Steel. The mechanical properties of steel 
depend largely on its structure. ‘To impart the desired structure 
to steel, it is subjected to heat treatment, i.e., to heating and cool- 
ing under definite conditions. The most important types of heat 
treatment are hardening and tempering. iy 

Hardening of steel consists in heating it to a high temperature 
aud then cooling it suddenly. This process makes the steel very 
hard, but at the same time brittle. Tf hardened steel is reheated to 
a definite temperature (lower than before) and then cooled slowly, 
it is said to be “tempered,” i.e., it becomes softer and loses its 
brittleness. The steel may thus be given the desired degree of hard- 
ness, depending on the temperature to which it is reheated. 

The phenomenon of hardening is explained as follows: when 
molten steel solidifies the carbon contained in it as cementite may 
form a solid solution with the iron, referred to as austenite and dis- 
tinguished by very great hardness. Austenite is quite stable only 
at high temperatures, but it can be retained more or less completely 
at low temperatures as well, by cooling the heated steel suddenly. 
If the steel is cooled slowly, the austenite gradually decomposes 
into cementite and iron, and the steel becomes soft. 

Very often quite different requirements are set for the surface 
layers of steel objects (shafts, gears, etc.) and for their bulk. For 
instance, an automobile axle must have a hard surface, highly 
resistant to wear, but at the same time must not be brittle, i.0., 
should be resilient enough to withstand shocks. To give the part the 
required properties, it is made of soft, tough, low-carbon steel, the 
surface of which is subsequently saturated with carbon. This is done 
by heating the finished part in an atmosphere of carbon monoxide or 
in boxes filled with charcoal. 
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The process of saturating steel surfaces with carbon is called “case- 
hardening.” Case-hardening results in a very hard and strong surface 
layer, 0.5 to 2 mm. thick, leaving the bulk of the steel tough and 
resilient. 

Analogous results can be achieved by nitriding steel, i.e., saturat- 
ing its surface with nitrogen. For this purpose the steel is heated 
for a long time in an atmosphere of ammonia at 500° to 600°C. 
Nitrided steel is still harder than case-hardened steel owing to the 
formation of iron nitrides in its surface layer. It can withstand 
heating to 500° C without losing its hardness. 

The father of the branch of science concerned with the changes 
in structure of steels was the Russian metallurgist Dmitry Kon- 
stantinovich Chernov (1839-1921). Investigating the properties of 
steel after heating to various temperatures, Chernov first estab- 
lished that at definite temperatures steel undergoes certain changes 
altering its structure and properties. These “critical temperatures" 
characterized by internal changes in the steel are now known all 
over the world as the “Chernov points.” One of these points, called 
by Chernov point a, is notable for the fact that steel heated below 
this point (about 700° C) cannot be hardened no matter how rapidly 
it is cooled. Another point, b, is characterized by the fact that as 
soon as the temperature of the steel reaches it (800 to 850° C), the 
steel rapidly passes from the coarse crystalline into the fine crystal- 
line state, in which it possesses the best mechanical properties. If 
the temperature is raised still further, the metal crystals begin to 
increase again in size, and the higher the temperature, the more 
rapidly they grow. 

The discovery of the critical points of steel was of very great 
importance for metallurgical theory and practice. Explaining the 
phenomena of tempering and hardening of steel and the structural 
changes taking place in steel when heated, it enabled accurate deter- 
mination of the hardening temperatures and selection of favourable 
conditions of forging and other types of steel treatment, promoting 
improvement of its mechanical properties. 

253. Development of Iron and Steel Metallurgy in the U.S.S.R. 
‘The production of ferrous metals (pig iron, steel, iron) occupies one 
of the first places in the national economy of the U.S.S.R. The prog- 
ress of almost all branches of the national economy depends largely 
on the amount of metal produced in the country. 

Tsarist Russia was far behind the foremost industrial countries 
in iron and steel output. The Russian metallurgical industry produced 
only 4.2 million tons of pig iron and an equal amount of steel in 
1913. World War I and the civil war were a heavy blow to all the 
branches of the national economy, especially metallurgy. In 1920 the 
output of pig iron had fallen to an unprecedented low level and 
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amounted to only 2.7 per cent of the 1913 figure. The reconstruction 
of iron and steel metallurgy accomplished under exceptionally 
difficult conditions required immense effort and a long time: the 
steel output regained its 1913 level only in 1929. 

Soviet metallurgy began to progress rapidly during the years of 
the pre-war five-year plan periods. Not only was the southern 
metallurgy completely reconstructed, but a new coal and metallurgy 
base was created as well in the eastern regions of the country. Huge 
metallurgical enterprises were built, such as the Magnitogorsk, 
Kuznetsk mills and others. By the end of the First Five-Year Plan 
the pig iron output had already reached 147 per cent of the 1913 level. 

Under conditions of planned socialist economy Soviet metallurgy 
Soon outstripped the capitalist countries in rate of development. 
Having recovered the pre-revolutionary level of pig iron output by 
1929, Soviet metallurgy increased its pig iron production almost 
three and a half-fold in the course of the next eight years. It took 
Lhe U.S.A. twenty years, and Germany twenty-three years, to effect 
an equal increase in metallurgical output. 

In 1957, 37 million tons of pig iron and 51 million tons of steel 
were smelted in the Soviet Union, while in 1959 the output of pig 
iron totalled 43 million tons and that of steel—59.9 million tons. 
The control figures for the economic development of the U.S.S.R. 
in 1959 to 1965 provide for a further considerable growth of the 
iron and steel industry of the country. It is planned to raise the 
yearly pig iron production to 65-70 million tons and that of steel to 
806-91 million tons in 1965. The iron ore production will be increased 
approximately twofold, new iron ore deposits being developed 
in Kazakhstan, Siberia and the Kursk Magnetic Anomaly district, 
To attain the planned level of iron and steel production wide use 
will be made in the iron and steel industry of new highly effective 
technologies based on the use of natural gas and oxygen, which will 
make it possible to increase the capacities of blast and open-hearth 
furnaces. The production of special-purpose steels and alloys will 
be increased by considerably extending electrometallurgical prac- 
tices and the ferro-alloy industry. 

254. Properties of Iron. Iron Compounds. Pure iron can be pre- 
pared by reducing iron oxide with hydrogen or by electrolysis of cer- 
tain iron salts. It is a silvery-white, lustrous, tough metal, greatly 
resembling platinum in appearance. The specific gravity of iron is 
7.87 and its melting point 1,539° C. Pure iron is magnetized and de- 
magnetized very easily and is therefore used to make the cores of 
dynamos and electric motors. 

Ordinary iron does not change in dry air but rusts rapidly in damp, 
becoming covered with a brown deposit of ferric hydroxide which, 
being loose, does not protect the iron from further oxidation. It was 
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long thought that the property of rusting was an undesirable, but 
inseparable property of iron. But lately it has been proved that 
chemically pure iron produced by electrolysis is hardly attacked 
by corrosion and is quite acid-resistant. The reasons for the corro- 
sion of ordinary iron were discussed in § 200. 

If calcined in air iron burns, turning into ferrosoferric oxide 
FesO, (or FeO .Fes0s3). The same substance forms when red-hot 
iron is forged (“iron scale”). 

The normal potential of iron equals —0.441 volt. Therefore, iron 
dissolves readily in dilute acids, displacing hydrogen from them 
and forming Fe-‘-ion. Cold concentrated sulphuric acid does not 
attack iron. The action of concentrated nitric acid on iron is the same 
4S on aluminium and chromium, i.e., it renders it “passive.” Alkalis 
do not act on iron. f 

Iron forms two series of compounds corresponding to its two 
oxides: ferrous oxide FeO and ferric oxide Fes03. In the first, iron is 
bivalent, in the second, trivalent. Besides these, salts of ferric 
acid, HsFeO;,, are known, in which iron behaves like a hexavalent 
non-metal. 

Compounds of Bivalent Iron. Salts of bivalent iron (ferrous salts) 
are obtained by dissolving iron in dilute acids. The most important 
of them is ferrous sulphate (I]) or green vitriol FeSO; -7Hs20, which 
forms eight green crystals, readily soluble in water. In the air ferrous 
Sulphate gradually effloresces and at the same time oxidizes at its 
surface, passing into a yellowish-brown basic salt of trivalent iron. 

Green vitriol is prepared by dissolving iron trimmings in 20 to 
30 per cent sulphuric acid: 


Fe + H2S0,= FeSO, + H, 


and is obtained also as a waste product when iron is “etched” with 
sulphuric acid prior to zinc plating. a) 

Ferrous sulphate is used in agriculture as a pesticide and in the 
production of certain mineral paints, for dyeing fabrics, etc. 

When ferrous sulphate is heated, water is first given off, leaving a 
white mass of the anhydrous salt FeSO ;,. If heated more strongly, the 
salt decomposes, liberating sulphur dioxide and sulphur trioxide, 
which in moist air forms dense white fumes of sulphuric acid: 


2FeSO, = Fe,0, + S0,+ S50; 


Addition of an alkali to ferrous sulphate solution results in a white 
precipitate of ferrous hydroxide Fe(OH)» which oxidizes rapidly 
in the air, turning first green and then brown as it passes into ferric 
hydroxide Fe(OH)s: 


4Fe(0H), 4 2H,0 + 0, = 4Fe(OH), 
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Ferrous hydroxide is almost exclusively basic in nature and does 
not dissolve in alkalis. 

Anhydrous ferrous ozide FeO can be prepared by reducing ferric 
oxide with carbon monoxide at 500° C, and is a black, easily oxi- 
dized powder: 

Fe,0, 4 CO = 2Fe0 4- CO, 


Alkali carbonates will precipitate white ferrous carbonate (Il) 
FeCO ; from solutions of bivalent iron salts. Under the action of 
water, containing carbon dioxide, ferrous carbonate, like calcium 
carbonate, passes partly into the more soluble acid salt Fe(HCO;s)s2. 
[ron is contained in the form of this salt in ferruginous mineral 
Waters. 

Salts of bivalent iron can easily be converted into trivalent iron 
salts by the action of various oxidants: nitric acid, potassium per- 
manganate, chlorine, etc.; for example: 


1) 6FeSO, + 2HNO, 4 3HS0, = 3Fe(S0.); + 2NO 4 4H,0 
2) 10FeSO, 4- 2KMn0O,4-8H,S0, = 5Fe(S0,), 4 K,S0, + 2MnS0, + 8H,0 


Owing to their ready oxidizability bivalent iron salts are often 
used as reducing agents. 

Compounds of Trivalent Iron. Of the salts of trivalent iron (ferric 
salts) the most commonly used is ferric chloride FeCl. The anhydrous 
Salt is obtained as dark green scales when chlorine is passed over 
heated iron. Ordinary ferric chloride is a dark yellow crystalline 
deliquescent substance having the composition FeCls-.6Hs0. 

Ferric sulphate (II) Fes(SO:)s is prepared by oxidizing FeSO, 
with nitric acid in sulphuric acid solution. With ammonium sulphate 
it forms ferric ammonium alum NH i,Fe(SO;)s-12Hs0, which crys- 
tallizes as beautiful light violet crystals, isomorphous with the 
crystals of aluminium and chrome alums. 

Under the action of ammonia or alkalis, solutions of trivalent 
iron salts evolve a reddish-brown precipitate of ferric hydrozide 
Fe(OH), insoluble in an excess of alkali. 

Ferric hydroxide is a weaker base than ferrous hydroxide; this 
is manifested by the fact that the salts of ferric hydroxide are greatly 
hydrolyzed, and that Fe(OH); does not form salts at all with weak 
acids (for instance, with carbonic or hydrosulphuric). Hydrolysis 
also accounts for the colour of solutions of trivalent iron salts. In 
spite of the fact that Fe'‘'-ion is almost colourless, its solutions 
have a yellow-brown colour owing to the presence of basic salts or 
Fe(OH), formed as a result of hydrolysis: 


Fe“ + H,0 = Fe(OH)** + H- 
Fe*-- + 2H,0 — Fe(OH)" + 2H- 
Fe'*- + 3H,0 — Fe(OH) + 3H: 
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The colour of the solutions darkens when they are heated, and 
they become lighter if acids are added, owing to the reverse 
direction of the reaction. 

If calcined, ferric hydroxide loses water and passes into ferric 
oxide Fes03g. Ferric oxide occurs in nature as red iron ore and is 
used as a brown paint known as Indian red or colcothar. 

Alongside its purely basic properties, ferric oxide and hydroxide 
manifest also certain, albeit feeble, acid properties. For instance, 
if ferric oxide is fused with soda or potash, the result is one of the 
Salts known as ferrites, analogous to chromites or aluminates, these 
salts being derivatives of metaferrous acid HFeO2: 


Fe,0; + Na,CO, = 2NaFe0, 4+ CO, 


Hot water completely hydrolyzes ferrites into ferric oxide and the 
corresponding alkalis: 


2NaFe0, 4- H,0 = 2NaOH -- Fe,0, 


One of the technical methods of preparing sodium hydroxide 
from soda is based on the formation of sodium ferrite and its subse- 
quent decomposition by water. 

A characteristic reaction distinguishing ferric salts from ferrous 
is the action of potassium thiocyanate KCNS or ammonium thio- 
cyanate NH,CNS on iron salts. Potassium thiocyanate contains 
colourless CNS’-ion in solution, which combines with Fe'""-ion to 
form ferric thiocyanate Fe(CNS)s, a blood-red, slightly ionized com- 
pound. Ferrous-ion does not give this reaction. 

Cyanide Compounds of Iron. Tf potassium cyanide is added to the 
solution of a ferrous salt, a white precipitate of ferrous cyanide 
results: 

Fe*- 4 2CN’ = {} Fe(CN), 


The precipitate dissolves in an excess of potassium cyanide owing 
to the formation of the complex salt K.lFe(CN),], known as potas- 
Sium ferrocyanide: 

Fe(CN),4-4K CN = K.[Fe(CN),] 
or 

Fe(CN), 4+4CN’ = [Fe(CN),] 

Potassium ferrocyanide Ki.[Fe(CN)s].-3Hs20 crystallizes in the 
form of large light yellow prisms. 

‘This salt is known also as yellow prussiate 0f potash, as it was pre- 
pared formerly by calcining dried blood with potash and iron. When 
dissolved in water the salt ionizes into K‘-ion and the exceedingly 
stable complex ion [Fe(CN)6]““". The solution contains practically 
no Fe'--ion and does not respond to a single characteristic test for 
bivalent iron. 
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Potassium  ferrocyanide corresponds to ferrocyanic acid 
H.[Fe(CN)s], a white solid forming many other salts besides the 
potassium salt. 

It is noteworthy that despite the fact that potassium ferrocyanide 
contains iron, it can serve as a sensitive test for trivalent iron, as 
[Fe(CN)s6)'"’-ion combines with Fe:"--ion, when they encounter each 
other in solution, to form the iron salt of ferrocyanic acid, ferric 
ferrocyanide Fe,{Fe(CN)s]s, which is insoluble in water and has a 
characteristic blue colour; this salt is called Prussian blue: 


4Fe*** + 3[Fe(CN)s]""" = } Fe,[Fe(CN).]s 


Prussian blue is used as a paint. Alkalis decompose it into ferric 
hydroxide, liberating [Fe(CN)s6]-ion: 


Fe, [Fe(CN),], + 120H’ = } 4Fe(OH), 4 3[Fe(CN).] 


Under the action of chlorine or bromine the anion in potassium 
ferrocyanide solution is oxidized, passing from the tetravalent to 
the trivalent state: 

2e— 


afe(CN]" += 2[Fe(CN),]"" + 201" 


The potassium salt corresponding to this anion, K,[Fe(CN)s), 
is called potassium ferricyanide or red prussiate of potash. It crys- 
tallizes as dark red anhydrous crystals. Its solution contains the 
anions [Fe(CN)s]'"’ of the same composition as the ferrocyanide 
anions, but having three instead of four negative charges and there- 
fore possessing other properties than [Fe(CN)s]'"’ ions. 

If a solution containing bivalent iron is treated with potassium 
ferricyanide, the result is a blue precipitate known as Turnbull's 
blue, very much like Prussian blue in appearance, but of a different 
composition: 

3Fe:* + 2[Fe(CN),]"" =} Fes[Fe(CN),], 


With salts of trivalent iron K,[Fe(CN)s] gives a brown solution. 

The reaction of formation of Turnbull’s blue is used extensively 
for printing copies of drawings made on tracing paper (blue-prints). 
This process is based on the fact that certain salts of trivalent iron 
and organic acids are reduced under the action of light into salts 
of bivalent iron. The paper used for printing is usually coated with 
a mixture of K,[Fe(CN)s] with ferric ammonium citrate. Tf a drawing 
made on tracing paper is laid on such paper and intensely illuminat- 
ed, the trivalent iron is reduced to bivalent everywhere except the 
places protected by the lines of the drawing. After this the paper 
is washed with water. Turnbull’s blue precipitates in the pores of 
the paper in all the areas illuminated, while the places protected 
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from the light, remain white. The result is a white drawing on a blue 
background. 


Compounds of Hezavalent Iron. Tf iron filings or ferric oxide are heated with 
potassium nitrate and potassium hydroxide the resulting fusion contains the po- 
tassium salt of ferric acid H,Fe0,, called potassium ferrate KsFeO,: 


Fe,0, + 4K OH + 3K NO,=2K,Fe0, + 3KNO, + 2H,0 


+I +VI 
1 | 2Fe-~6e~ = 2Fe 

*V +I 
3|N-+2e- =N 


If the fusion is dissolved in water a red-violet solution results, from which 
insoluble barium ferrate BaFe0, can be precipitated by adding Badly. 

All ferrates are very Pe oxidants, even stronger than permanganates. 
Neither ferric acid HFe0;,, corresponding to the ferrates, nor its anhydride FeO, 
have been obtained in the free state. 

Iron Carbonyls. Iron forms quite singular volatile compounds with carbon 
monoxide, called iron carbonyls. Iron pentacarbonyl Fe(CO);, is a pale yellow 
liquid with a specific gravity of 1.5, a high index of refraction টী! a boiling 
point of 100° C. It is prepared by passing carbon monoxide over finely divided 
iron under pressure and at an elevated temperature. Iron pentacarbonyl is in- 
soluble in water but dissolves in many organic solvents. At 250° Cit decom poses 
into carbon monoxide and absolutely pure iron. 


255. Cobalt (Cobaltum); at. wt. 58.94. Cobalt is not very abun- 
dant in nature; its content in the earth's crust amounts to 0.002 per 
cent by weight. Cobalt usually occurs in compounds with arsenic; 
the most important minerals containing this element are smatltite 
CoAs» and cobaltite or cobalt glance CoAsS. In 1954 the world pro- 
cobalt amounted to about 13,000 tons (not counting the 
U.S.S.R.). 

Cobalt is a hard, ductile lustrous metal, resembling iron, with 
a specific gravity of 8.9, melting at 1,492° C. Like iron, cobalt po- 
Ssesses magnetic properties. Water and air do not attack cobalt. 
It dissolves in dilute acids much less readily than iron and its nor- 
mal potential equals —0.28 volt. 

Cobalt forms two simple oxides: cobaltous ozide CoO and cobaltic 
ozide Cos03, with their corresponding hydroxides Co(OH)s and 
Co(OH), both of which are basic in character. Both hydroxides 
give salts, but those of trivalent cobalt are unstable and decompose 
readily, passing into bivalent cobalt salts. Besides the two above 
oxides, another mixed oxide.of cobalt is known, having the formula 
Co 30, (or CoO .Co 20:3) and called cobalto-cobaltic oxide. 

Bivalent cobalt salts are usually blue in the anhydrous state and 
reddish-pink in solution or as hydrated crystals. By way of example 
mention may be made of cobaltous chloride, which forms bright pink 
crystals of the composition CoCls-6Hs0. A piece of filter paper 
impregnated with a solution of this salt and dried can serve as a 
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rough hygroscope, as it changes colour from blue to pink, depending 
on the humidity of the air. 

Cobaltous hydrozide Co(OH)s is prepared by the action of alkalis 
on solutions of bivalent cobalt salts, resulting in a precipitate of 
the blue basic salt, which, when the liquid is boiled, passes into 
the pink hydroxide Co(OH)s. The latter, if calcined, is converted 
into greyish-green cobaltous oxide CoO. 

In the air cobaltous hydroxide oxidizes slowly into dark brown 
cobaltic hydrozide Co(OH). This process proceeds very rapidly under 
the action of strong oxidants, such as NaClO: 


2Co(OH), + NaClO + H,0 = 2Co(OH), + NaCl 


When treated with acids cobaltic hydroxide does not give triva- 
lent cobalt ‘salts, but liberates oxygen, leaving a bivalent cobalt 
salt; for example: 


4Co(OH), + 4H,S0, = 4C0S0, 4-10H,0 4 0, 


+I +I 
Rl 4 | Co + e7 = Co 
~-II 
210—-2e" =0 


Cobaltic hydroxide displaces chlorine from hydrochloric acid: 
2C0(OH), + GHC = 2C00l, 4+ Cl, + 6H,0 


In general Co(OH)s and Cos203 act as oxidants, like MnO» and 
PbO, which also form unstable salts. 

A very characteristic feature of cobalt is its capacity for forming 
various complex compounds, and it is noteworthy that in such com- 
pounds it is almost always trivalent. Though complex compounds 
of bivalent cobalt can be obtained, they are very unstable; on the 
other hand, in the case of the simple compounds the bivalent cobalt 
compounds are the more stable ones. In complex salts cobalt may 
form part of the cation or of the anion, for instance [Co(NH s)s]Cls 
and Ks3[Co(NOs)s]. The coordination number of cobalt is 6. 

The practical applications of cobalt are rather limited. Cobalt 
is a component of certain alloys, its tendency being to increase their 
hardness. An alloy of cobalt with chromium and tungsten, known 
as stellite, is employed for the manufacture of high-speed cutting 
tools. The Soviet superhard carbide alloy, “pobedit” (see p. 643), 
contains 10 per cent cobalt. Cobalt compounds added to glass impart 
to it a dark blue colour (owing to the formation of cobalt silicate). 
Ground to a fine powder, such glass is used as a blue paint known 
as “smalt” or “cobalt”. 

256. Nickel (Niccolum); at. wt. 58.69. Like cobalt, nickel occurs 
in nature as arsenides or sulphides; such, for instance, are the 
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minerals niccolite or arsenic nickel NiAs, hersdorfite NiAsS, and 
others. 

Nickel is more abundant than cobalt (0.02 per cent by weight 
of the earth's crust). The largest deposits of nickel occur in Canada, 
the second place being occupied by the Soviet Union, which has 
high-grade nickel deposits in the Urals, in Kazakhstan, and on the 
Taimyr and Kola peninsulas. 

‘The Ural nickel deposits were known long before the Revolution, 
but tsarist Russia had no nickel industry and imported all its nickel 
from abroad. This branch of industry was built up only in Soviet 
times. The first nickel plant was started in the Urals in 1934. 

‘The world production of nickel (not counting the U.S.S.R.) was 
about 160,000 tons in 1953. 

Metallic nickel is yellowish-white, very hard, takes a good polish 
and is attracted by a magnet. Its specific gravity is 8.9 and its melt- 
ing point 1,453° C. Nickel does not oxidize in the air and is dissolved 
EAA only by nitric acid. The normal potential of nickel is —0.23 
volt. 

Nickel has a number of important practical Applications. Nickel 
is consumed in minor quantities for plating other metals (nickel- 
plating). Most of the nickel, however, goes for the manufacture of 
various alloys with iron, copper, zinc and other metals. The addition 
of nickel to steel increases its toughness and mechanical strength, 
makes it refractory and resistant to corrosion. Alloy steels containing 
nickel and other metals, for instance, chrome-nickel steel, with 1 to 
4 per cent nickel and 0.5 to 2 per cent chromium, are used exten- 
sively for the manufacture of cannon, armour of all kinds, armour- 
piercing shells, bullet jackets, etc. 

Alloys of nickel and copper, high in nickel, practically do not 
corrode and are widely used in the chemical industry, in shipbuild- 
ing, and aircraft engineering. Alloys containing less nickel are 
used for coinage (nickel bronze). 

Of the other nickel alloys of great practical importance, the fol- 
lowing are noteworthy: 1) invar, a steel containing 35 to 37 per cent 
nickel and having a very low coefficient of expansion; it is used to 
make rods for watch pendulums, scales for various measuring in- 
struments; 2) platinite, a steel containing 0.15 per cent carbon and 
44 per cent nickel; it has the same coefficient of expansion as glass 
and can therefore be fused into the latter; is used in the manufacture 
of electric light bulbs; 3) nichrome, an alloy of nickel and chromium 
characterized by high electrical resistance; is used in the manufac- 
ture of rheostats and various heating apparatuses; 4) nickeline, an 
alloy of copper, nickel and zinc, also having a considerable electri- 
cal resistance and changing very little under elevated tempera- 
tures. 
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Finely divided nickel is a very important catalyst widely used 
in many chemical processes. Pure nickel is employed to make cru- 
cibles for laboratory use. 

Nickel compounds greatly resemble cobalt compounds. Like 
cobalt, nickel forms two principal oxides: nickel monozide NiO and 
nickel sesquiozide Nis03, and the corresponding hydroxides, but 
only one series of salts, in which nickel is bivalent. 

Nickelous hydroxide Ni(OH)s» separates out as a light green pre- 
cipitate when solutions of bivalent nickel salts are treated with 
alkalis. It loses water if heated, passing into greyish-green nickel 
monoxide NiO. 

Nickel salts are mostly green both in the solid state and in solution. 
The most widely used of them is nickel sulphate NiSO;,.7H,0 or 
nickel vitriol which forms beautiful emerald-green crystals. 

Nickelic hydrozide Ni(OH); is blackish-brown in colour. It is ob- 
tained by the action of powerful oxidants on nickelous hydroxide. Its 
properties are similar to those of cobaltic hydroxide Co(OH)s. 

Nickel forms many complex salts but unlike cobalt it is always 
bivalent in them. * 

With carbon monoxide nickel gives a liquid volatile compound, 
known as nickel tetracarbonyl Ni(CO):,, which decomposes when 
heated, liberating nickel. One of the methods of extracting nickel 
from its ores is based on the formation of Ni(CO);,. 


One of the practically important nickel compounds is nickel sesquioxide, 
used in the manufacture of alkaline iron-nickel storage batteries. 

One of the plates in a charged iron-nickel storage cell consists of pressed 
powdered iron, and the other, of hydrated nickel sesquioxide with nickel filings 
added to improve its conductivity. The electrolyte is a 30 per cent solution of 
potassium hydroxide. 

The action of the iron-nickel storage battery is analogous to that of the lead 
storage battery, the iron playing the part of the lead and the nickel sesquioxide, 
the part of the lead dioxide. When discharged the iron atoms lose two electrons 
cach, being converted into Fe" ions, which combine with hydroxyl ions to form 
Fe(OH). The electrons yielded by the iron pass through the outer circuit to the 
nickel sesquioxide, where they reduce Ni203, forming Ni(OH),. 


Negative electrode Positive electrode 
Fe—2e- + 20H’ = Fe(OH), ° Ni,0: + 2e7 + 3H,0 = 2Ni(0H), + 20H’ 


Adding up these two equations we get the summary equation of the reaction 
taking place when the storage battery is discharged: 


Fe + Ni,0, + 3H0 = Fe(OH) 4- 2Ni(OH) 


When the battery is charged the same reaction proceeds in the reverse direc- 
tion: at the cathode Fe(OH); gains electrons to form metallic iron, while at the 
anode Ni(OH)s yields electrons and forms Nis0 again. For this reason both 
processes, those of charging and of discharging the battery, can be expressed 
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by a single equation. 
charge 


Fe(OH), + 2Ni(OH) =: Fe-+- Ni-0s + 3H,0 
discharge 
The electromotive force of an iron-nickel storage battery equals 1.4 volts. 


Although its electromotive force is lower than that of the lead storage battery, 
it is simpler to handle and gives longer service. 


PLATINUM METALS 


moment symbol SEE Fe EE 
Ruthenium .| Ru 101.1 4d 2 8 18 15 1 
Rhodium . .| Rh 102.91 | 45 2 8 18 16 1 
Palladium ..| Pd 106.7 46 2 8 18 18 0 
Osmium . .| 0s 190.2 76 2 8 18 32 14 2 
Iridhuats 1a Iz 192.2 77 2 8 18 32 15 2) 
Platinum . .| Pt 195.23 | 78 2 8 18 32 17 1 


The elements of the second and third triads of the eighth group 
in the Periodic Table, ruthenium, rhodium, palladium, osmium, 
iridium and platinum, are combined under the generic name of 
platinum metals. 

257. General Features of the Platinum Metals. The platinum 
metals form a group of rather scarce metals, but they are so similar to 
one another in properties that it is very difficult to separate them. 
On the other hand, they resemble the elements of the iron group 
very little. 

The platinum metals occur in nature almost exclusively in the 
native state, usually all together, but are never found in iron ores. 

Being greatly disseminated through various rocks, the platinum 
metals became known to mankind comparatively recently. The 
existence of platinum was established earlier than that of the others, 
in 1750. Then, in the early XIX century, palladium, rhodium, osmium 
and iridium were discovered. The last platinum metal, ruthenium, 
was discovered only in 1844 by Prof. Klaus of the Kazan Univer- 
sity who named it in honour of Russia (Ruthenia—Russia). 

The most important constants of the platinum metals are given 
in Table 31. 

The platinum metals belong to the less active chemical elements 
and are very stable against various kinds of chemical action. Some 
of them fail to dissolve not only in acids but even in aqua regia. 
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Although the platinum metals may manifest various degrees 
of valency in their compounds, their typical compounds are those 
in which they are tetravalent. 

The most important of the platinum metals from a practical stand- 
point is platinum itself. 


Table 81 
‘Chief Physical Constants of the Platinum Metals 
GOnEtanl in ED FE OFC TT HOU 
UU 
Atomic weight. . | 101.1 102.91 106.7 190.2 192.2 195.23 
Nuclear charge . . | 44 45 46 76 76 78 
Atomic radius, A 1.32 1.34 1.37 1.34 1.35 1.38 
Specific gravity . . 12.2 12.44 11.9 22.46 22.5 21.45 
Melting point, de- 
greesC. . .. .| 2,450 1,960 | 1,552 2,700 2,443 1,769 


258. Platinum; at. wt. 195.23. In nature platinum, like gold, 
Vccurs in placer deposits as grains, always with admixtures of the 
other platinum metals. The richest deposits of platinum have been 
found in the U.S.S.R., in the Urals. The world production of plati- 
num in 1953 amounted to 16 tons (not counting the U.S.S.R.). 

Platinum is a white lustrous malleable metal with a specific gravity 
of 21.45, melting at 1,769° C. In the air platinum does not change 
even if heated very intensively. It is not attacked by the separate 
acids. Platinum will dissolve only in aqua regia, but much less read- 
ily than gold. Platinum is extracted from its ores with the aid of 
aqua regia. 

Owing to its refractoriness and resistance to chemical action plat- 
inum is widely used in scientific and technical laboratories; in ana- 
lytical work use is made of platinum crucibles, evaporating dishes, 
electrodes, etc. 

Platinum is employed as a catalyst for accelerating many chemi- 
cal processes. Finely divided platinum is capable of adsorbing con- 
Siderable quantities of hydrogen and oxygen (as many as 100 vol- 
umes per volume of platinum). In the adsorbed state the hydrogen and 
oxygen become very active; this forms the basis for the use of plati- 
num as a carrier of hydrogen and oxygen. 

In its compounds platinum is predominantly bi- and tetravalent. 
It is capable of forming complex compounds in both states; the tetra- 
valent compounds of platinum are the more important. 

When platinum is dissolved in aqua regia the result is chloropla- 
-tinic acid Hs[PtCls], which separates out when the solution is 
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evaporated as reddish-brown crystals of the composition Hs[PtCls] 
.6H20. This is the usual commercial preparation of platinum. The 
potassium salt of this acid is one of the least soluble salts of potassium, 
and its formation is employed in chemical analysis for the detection 
of potassium. 

Tf heated in a stream of chlorine at 360° C, Ho[PtCle] decom poses, 
giving off HCl and leaving platinum chloride (IV) or platinic chloride 
PtCls. 

If an alkali is added to a solution of chloroplatinic acid a brown 
precipitate of PU(OH), falls out. This substance is called platinic 
hydrozide, and forms salts when dissolved in an excess of alkali. 
Another compound of tetravalent platinum is platinic oxide or plati- 
num diozide PLOs. 

Platinum chloride (I) or platinous chloride PtCl, is prepared by 
passing chlorine over finely divided platinum. Platinous chloride 
has a greenish colour and is insoluble in water. 

Bivalent platinum forms many complex salts. The most impor- 
tant of them are the salts of cyanoplatinic acid H:[Pt(CN);,]. The 
barium salt of this acid, Ba[ Pt(CN);,], fluoresces brightly under the 
action of ultra-violet and X-rays and is used in rontgenoscopy for 
coating fluorescent screens. 

259. Palladium; at. wt. 106.7. Iridium; at. wt. 192.2. Palladium 
is a silvery-white metal having a specific gravity of 11.9 and melt 
ing at 1,552° C. It is the lightest of the platinum metals, the softest 
and most malleable. It is remarkable for its capacity for absorbing 
immense quantities of hydrogen (up to 900 volumes per volume 
of metal). Absorbing hydrogen, palladium retains its metallic 
appearance but increases considerably in volume, becomes brittle 
and cracks easily. The hydrogen absorbed by the palladium is prob- 
ably in a state approaching that of monatomic hydrogen and is 
therefore very active. A palladium plate saturated with hydrogen 
will convert chlorine, bromine and iodine into the hydrogen halides, 
reduce salts of trivalent iron into bivalent iron salts, corrosive 
sublimate into calomel, sulphur dioxide into hydrogen sul- 
phide, etc. 

Owing to its attractive external appearance palladium is used to 
manufacture various kinds of jewellery. 

Chemically palladium differs from the other platinum metals, 
being considerably more active. Tf heated to redness it will combine 
with oxygen to form the oxide PdO; it dissolves in nitric acid, hot 
concentrated sulphuric acid and aqua regia. 

Like platinum, palladium may be bi- or tetravalent, but its biva- 
lent compounds are more stable. Most palladium salts are soluble 
in water and are greatly hydrolyzed in solution. Palladium chloride 
PdCl, is reduced very readily in solution to the metal by certain 
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gaseous reductants, particularly, carbon monoxide, this being the 
basis of its use as a fest for CO in gaseous mixtures. 

Iridium differs from platinum in its very high melting point 
(2,448° C) and even greater resistance to chemical action. Iridium is 
attacked neither by the separate acids nor by aqua regia. Besides, 
iridium is much harder than platinum. 

Pure iridium is used for the manufacture of various kinds of scien- 
fific instruments. An alloy containing 90 per cent platinum and 
10 per cent iridium is used for the same purpose. Particularly, the 
international standard metre and standard kilogram are made of 
this alloy. 


260. Compounds of the Octavalent Elements of the Platinum Group. Of 
the platinum group metals only osmium and ruthenium are octavalent in their 
compounds. ‘The most important of them are: osmium tetrozide, ruthenium 
tetrozide and osmium octo fluoride. 

Osmium tetrozide O50, is the stablest oxide of this element and forms slowly 
even if osmium is just kept in contact with air. It is a fusible crystalline substance 
(melting point 40° C), pale yellow in colour. Its vapours have a pungent odour 
and are very poisonous. 

Osmium tetroxide dissolves rather well in water, its solution not reacting 
acid with litmus. However, as was first established by L. Chu ayev (1918), 
one tetroxide is capable of forming unstable complex SoMBOURdS with strong 
alkalis. 

Possessing BER oxidative properties, osmium tetroxide reacts very 
vigorously with organic substances, being itself reduced to black osmium 
dioxide OsO. This forms the basis for the use of 050, for staining microscope 
preparations. 

Ruthenium tetrozide RuO, resembles osmium tetroxide in physical proper- 
ties. It is a crystalline solid of a golden-yellow colour, melting at 25°C and soluble 
in water. Ruthenium tetroxide is much less stable than osmium tetroxide, and 
decomposes eruptively at a temperature of about 108° C, below its boiling point, 
into RusO and oxygen. 

Osmium octofluoride OsFs is prepaied by the direct combination of osmium 
and fluorine at 250° C as colourless vapours, which condense, when cooled, into 
lemon-yellow crystals with a melting point of 38°C. 

Osmium  octofluoride possesses pronounced oxidative properties. It is 
gradually decomposed by water into osmium tetroxide and hydrofluoric acid: 


OSF, + 4H,0 = 080, + 8HF 


CHAPTER XXVI 


Atomic Nucleus 


The theory of atomic structure gave the key to an understanding 
of the nature of chemical reactions and the mechanism of formation 
of chemical compounds. The changes which atoms undergo during 
chemical transformations are related only to the outer shell of the 
atom, the atomic nucleus remaining quite unaltered. However, 
there are processes of another kind taking place in nature, such as 
radioactive transformations, artificial production of new elements, 
etc. These processes involve changes occurring inside the nuclei, and 
depend wholly on their structure. Therefore, our study of general 
chemistry would be incomplete without at least a brief acquaintance 
with the data at the disposal of modern science on the structure of 
the atomic nucleus. It must be noted, however, that despite the con- 
siderable progress made lately in this field, our knowledge of the 
structure of the atomic nucleus is still far from complete. 

261. Complexity of Atomic Nuclei and Their Artificial Disinte- 
gration. The complexity of atomic nuclei first became evident due to 
radioactive phenomena. All radioactive changes bore witness to the 
fact that the nuclei of the heavier atoms are complex formations 
which decay spontaneously, evolving helium nuclei and electrons. 
It was natural to suppose, therefore, that the nuclei of the non-radioac- 
live elements were also complex in structure. The most radical 
method of verifying this assumption would have been to cause arti- 
ficial disintegration of the nucleus and to study the new particles 
formed thereupon. But the nuclei of the non-radioactive elements 
proved to be very stable and unresponsive to any of the then known 
means of action. 

The situation seemed hopeless. Very soon, however, thanks to a 
clever idea suggested by Rutherford, great progress was made in 
this field. To break down nuclei Rutherford resorted to the colossal 
kinetic energy of flying alpha particles or, as they are now called, 
helions. His paper communicating the results of experiments with 
nitrogen appeared in 1919. By bombarding nitrogen atoms with the 
helions emitted by radium-C, Rutherford succeeded in breaking down 
nitrogen nuclei, knocking hydrogen nuclei out of them. He called 
the latter, the simplest of all atomic nuclei, protons. Thus, artificial 
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decomposition of the atom, as it was called at that time, had been 
accomplished; more precisely, this was the first indication to the 
effect that nuclei contained protons. 

Subsequent experiments by Rutherford and" other investigators 
established that protons could be knocked out of the nuclei of all 
the light elements, up to iodine. It could, therefore, ‘be expected 
that the detection of protons in the atomic nuclei of all the rest of 
the chemical elements was only a question of time. 

However, when nuclei are bombarded with helions they do not 
break down completely. When a helion strikes a nucleus only one 
proton appears to be knocked out of it, the remainder of the nucleus 
combining with the helion to form a new nucleus. For instance, a 
study of the collision of helions with nitrogen nuclei showed that 
this led to the formation of two new particles, namely, a proton 
and a nucleus with a mass number of 17 (oxygen isotope), including 
the helion. Schematically this process may be represented by the 
following equation*: 


N+ 2Het= HL 00 


In other words, knocking one proton out of the nitrogen nucleus, 
Whose mass number is 14, the helion is absorbed by the remainder 
of the nucleus, which, as a result, Changes into the nucleus of an 
oxygen isotope with the mass number 17. Similar nuclear transfor- 
mations were observed for other elements. 

Rutherford's works and a study of the disintegration products of 
the radioactive elements led to the assumption that atomic nuclei 
contain helions, i.e., helium nuclei, protons, and electrons. But as 
the helium nucleus in its turn can be pictured as consisting of four 
protons, there followed the involuntary conclusion that atomic 
nuclei are made up of protons and electrons. 

Such was the first (subsequently altered) conception of the struc- 
ture of atomic nuclei, which arose as a result of experiments on the 
artificial disintegration of nuclei. 

At first nuclei were disintegrated only by bombardment with 
helions emitted by radioactive substances. Taking into account the 
minute quantity of the substances at the disposal of investigators 
and the insignificant percentage of hits made by the helions, it can 
easily be understood that the efficiency of such bombardments was 
extremely low. Further investigations in the field of nuclear reactions 
required the construction of special apparatuses which would make 
it possible to obtain powerful streams of charged particles. 


* According to the accepted system, the superscript at the upper right-hand 
corner of the symbol of the element indicates the mass of the nucleus and the 
subscript at the lower left-hand corner its atomic number, i.e., nuclear charge. 
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The first units for this purpose were built in the early thirties of 
this century. In them helions were substituted by a powerful stream 
of protons, obtained from ordinary hydrogen in a vacuum discharge 
tube under the action of a high voltage, amounting to several million 
volts. The substances to be bombarded were placed at the end of the 
tube. Under such conditions the protons acquired a very high 
velocity and were able to disintegrate the nuclei of many elements. 

The first element bombarded was lithium. Fission of the lithium 
nucleus resulted in the release of an immense quantity of energy, 
greatly exceeding that of a flying proton, and in the transformation 
of the nucleus, together with the proton captured by it, into two 


helium nuclei: 
sLY? + ,H'= He’ + sHe* 


It was found that in most other cases nuclear disintegration also led 
to the emission of helium nuclei. 

This new method of bombarding atomic nuclei with fast protons 
“offered great opportunities for a study of the structure of the atomic 

nucleus. Its great advantage was the possibility of regulating 
the velocity of the protons, of gathering them 
into a narrow beam and directing them at any 
spot desired. 

The use of electrostatic apparatuses was a 
considerable step forward in comparison with 
the use of radioactive sources; however, it 
entailed a number of difficulties and inconven- 
iences. Soon afterwards, therefore, new appara- 
tuses—cyclotrons—came into use for the pro- 
duction of streams of fast particles. Cyclotrons 
were based on repeated acceleration of the par- 
ticles by means of an alternating electric field. 


Fig. 158. Diagram of 


Le The principal parts of a cyclotron (Fig. 158) are 


two halves of a hollow disk 1, 1, placed at a certain 
distance from one another and called dees. Both dees are located in a magnet- 
ic field of a direction perpendicular to their plane, and are connected with an 
a. ¢. generator 2. The combined action of the magnetic and electric fields makes 
the stream of charged particles travel through the apparatus in a single plane 
along an evolutive spiral. 

‘The charged particles pass from the auxiliary apparatus 3 into the clearance 
between the dees and under the influence of the electric field begin to travel with 
growing velocity from one dee to the other in the direction indicated on the 
figure by arrows. Entering the dee, where there is no electric field, the particles 
move uniformly, retaining the velocity they have acquired, until, having 
described a semicircle, they return to the other side of the clearance between 
the dees. The generator is adjusted to change the direction of the electric field 
at this moment, so that the particles are again accelerated in the clearance and 
then continue their circular motion through the second dee. Upon passing 
from the second dee back into the first, the velocity of the particles is again 
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stepped up, etc. After several hundred revolutions the stream. of particles is 
discharged from the apparatus through the opening 4. EIN 

In this way the final velocity of the particles, and therefore their kinetic 
energy, can be raised to a very high magnitude. For instance, if the particles 
do 100 half-revolutions in an electric field with a Voltage of 5,000 volts, 
their energy on discharge will be equal to 100X 5,000 = 500,000 electron-volts.* 

The energy acquired by particles in the cyclotron may be as high as several 
tens of millions of electron-volts. 


Cyclotrons are very large apparatuses. For instance, the weight 
of the magnet in one of the cyclotrons is 4,000 tons. Still, they 
are considerably smaller than electrostatic units. 


Fig. 159. General view of synchrophasotron 


The further progress of atomic Physics required the erection of 
£ven more powerful particle accelerators than the cyclotron, the 
Possibilities of which had proved to be exhausted. Accordingly, a 
number of new types of “super-accelerators” have been constructed in 
the U.S.S.R. and abroad. 

These include the Synchrophasotron (Fig. 159) installed recently 
in the U.S.S.R., at the Institute for Nuclear Research, and calcu- 


lated to impart energies as high as 10,000 million electron-volts to 
particles. 


* One electron-volt (ev) is the energy acquired by an electron in traversing 
& potential difference of one volt: 


1 ev = 1.59.10-12 erg = 3.82.10-% Cal. 
It is customary in nuclear Physics to express energy in terms of electron-volts, 
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growing velocity from one dee to the other in the direction indicated on the 
figure by arrows. Entering the dee, where there is no electric field, the particles 
move uniformly, retaining the velocity they have acquired, until, having 
described a semicircle, they return to the other side of the clearance between 
the dees. The generator is adjusted to change the direction of the electric field 
at this moment, so that the particles are again accelerated in the clearance and 
then continue their circular motion through the second dee. Upon passing 
from the second dee back into the first, the velocity of the particles is again 
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their energy on discharge will be equal to 100X 5,000 = 500,000 electron-volts.* 

The energy acquired by particles in the cyclotron may be as high as several 
tens of millions of electron-volts. 


Cyclotrons are very large apparatuses. For instance, the weight 
of the magnet in one of the cyclotrons is 4,000 tons. Still, they 
are considerably smaller than electrostatic units. 
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The further progress of atomic physics required the erection of 
even more powerful particle accelerators than the cyclotron, the 
possibilities of which had proved to be exhausted. Accordingly, a 
number of new types of “super-accelerators” have been constructed in 
the U.S.S.R. and abroad. 

These include the synchrophasotron (Fig. 159) installed recently 
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262. Discovery of Neutrons and Positrons. The conception of 
atomic nuclei consisting of protons and electrons persisted in science 
for over ten years, although it contained a number of essential con- 
tradictions. But subsequently new discoveries were made, which 
brought a radical change in this conception. In 1930 Bothe and Be- 
cker noticed that when beryllium atoms were bombarded with heli- 
ons new rays were emitted, having a tremendous penetrating power: 
a layer of lead three centimetres thick could absorb only half of 
them. The appearance of these rays was observed also by Irene 
Curie* and her husband Frédéric Joliot-Curie, who observed also 
that the rays discovered by Bothe and Becker knock very fast pro- 
tons out of substances containing hydrogen (water, paraffin, etc.) 
in passing through them. 

The nature of these rays was established only in 1932. They proved 
to be a stream of new electrically neutral particles, emitted at enor- 
mous speeds by beryllium nuclei and possessing a mass almost equal 
to that of the proton. These particles have become known as 
neutrons and are now designated by the letter n. 


The Peace leading to the emission of neutrons by beryllium atoms consists 
in the absorption of helions by beryllium nuclei (isotope 9) with the simulta- 
‘neous emission of one neutron from each nucleus, as a result of which the latter 
changes into a carbon nucleus: 


aBe° + 2He = nt + Ct 


Further investigations showed that neutrons form also when 
lithium, boron, fluorine, aluminium and other atoms are bombarded 
with helions. 

The immense penetrating power of neutrons is due to the fact that 
they carry no charge. Therefore, they do not interact with the nuclei 
of the atoms they pass through, so that their motion.is not retarded 
unless they collide directly with the nuclei. 

The neutron was first considered a complex particle consisting of 
a proton and an electron linked intimately with one another. After- 


wards, however, an entirely different conception was also found pos-' 


sible. 

Almost simultaneously with neutrons another type of particles 
was discovered having the same mass as the electron, but carrying 
a positive electric charge. These particles were called positrons. 

The existence of positrons was first observed in the study of cosmic 
rays, which were discovered as far back as 1911. These rays enter 
the earth’s atmosphere from universal space and possess tremendous 
energies, and therefore a very high penetrating power. The nature 
of cosmic rays has not been established exactly to this day. They are 


* The daughter of Marie Curie-Sklodowska, who discovered radium. 
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apparently electromagnetic waves of a nature-similar to the gamma 
rays emitted by radioactive substances, but at the same time contain 
fast particles. 

In 1929 the Soviet Academician D. Skobeltsyn, in experimenting 
with the Wilson chamber, noticed in it the appearance of traces left 
by charged particles of some kind, though no radiations had been let 
into the chamber from the outside. The appearance of these particles 
could be explained only by the action of cosmic rays on the chamber. 
A similar phenomenon was observed in 1932 by the. American phys- 
icist Anderson who studied the deflection of the particles in a mag- 
netic field and came to the conclusion that most of them were elec- 
trons, but that positively charged particles of a mass equal to that 
of electrons were also present. It was soon established that posi- 
trons appear also due to the action of gamma rays on many heavy 
metals and may be emitted by certain light metals when bombarded 
with helions. The positron is designated by the symbol e*. 

The distinguishing feature of the positron is its very short lifetime, 
averaging 107? second. A positron cannot exist for any length of 
time in a material medium, as upon colliding with an electron (in 
the shell of some atom), it-immediately combines with it to form 
two photons of gamma rays: 


e+ +e” =2h 


The transformation of the positron-electron pair into photons is 
often very inappropriately called “annihilation” (from the Latin 
nihil—nothing). This term is apt to lead to the idea that the collision 
between a positron and an electron results in the disappearance of 
matter. Actually, of course, nothing of the kind happens, as a 
definite amount of photons appear instead of the positron and electron, 
these photons having a mass equal to that of the positron and elec- 
tron that have “disappeared.” Thus annihilation is but a transition 
of matter from one of its forms (positron and electron) into another 
(photon). 

The reverse process, i.e., the “birth” of the positron-electron pair, 
is also known, being observed in the Wilson chamber when very hard 
gamma rays are passed into it. 

263. Theory of the Atomic Nucleus. As soon as the existence of 
neutrons became evident, there arose an entirely new conception of 
nuclear structure, first put forth and grounded by the Soviet physicist 
D. Ivanenko in 1932. According to this conception the nucleus consists 
only of protons and neutrons, and contains no electrons at all. The 
ratio between the number of protons and neutrons in the nucleus 
is expressed very simply. The nuclear mass equals the sum of the 
mass of protons and neutrons. The whole number expressing (approx- 
imately) the! mass of the nucleus in conventional atomic weight 
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units, is called the mass number of the atom (nucleus). As both the 
proton and the neutron have a mass very close to unity, the mass 
number indicates the total number of protons and neutrons in the 
nucleus. But the number of protons obviously equals the number of 
positive charges on the nucleus, i.e., the atomic number of the 
element; therefore, the number of neutrons equals the difference 
between the mass number and the atomic number of the element. 

Denoting the mass number of an atom by A, the charge on its 
nucleus by Z and the number of neutrons by N, we get the equation: 


A=Z+N 


the number of protons equals Z and the number of neutrons A—Z. 

Isotopes, obviously, possess equal numbers of protons, but dilfer- 
ent numbers of neutrons. 

Two types of forces act between the particles constituting the 
nucleus, namely, ordinary Coulomb forces of repulsion between 
the positively charged protons, on the one hand, and special attrac- 
tive forces between all the particles, effective only at very short 
distances, on the other. The latter forces are referred to as nuclear 
forces. The existence of these forces is confirmed by experiments 
on the scattering of a neutron beam in hydrogen, which show that 
at very short distances of nuclear order a strong attraction arises 
between protons and protons, neutrons and neutrons, and between 
protons and neutrons. The attractive nuclear forces are considerably 
more powerful than the repulsive forces due to like charges, and 
account both for the stability and for the very possibility of exis- 
tence of proton-neutron nuclei. 

However, not all combinations of protons and neutrons are stable. 
The atomic nuclei of the lighter elements are stable as long as the 
number of neutrons is approximately equal to the number of pro- 
tons. As the nuclear mass increases, however, the relative number of 
neutrons needed to render it stable grows and, in the latter series 
of the Periodic Table, considerably exceeds the number of protons. 
Thus, bismuth (at. wt. 209) contains 126 neutrons for its 83 pro- 
tons, while the nuclei of the heavier elements are generally unstable. 

At present the proton-neutron theory of the nucleus is universally 
recognized, the proton and the neutron being regarded now as two 
independent elementary particles (i.e., not consisting of smaller 
particles) or, more precisely, as two states of one and the same par- 
ticle; therefore, under certain conditions they are capable of chang- 
ing into one another, at the same time “giving birth” to a positron 
or an electron: 


proton — neutron + positron 
neutron — proton + electron 
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In particular, such electron “birth” takes place during radioactive 
B-decay. The emission of electrons by radioactive elements may 
be attributed to the fact that one of the neutrons contained in the 
nucleus is transformed into a proton; the electron thus formed is 
emitted, and the charge of the nucleus increases by one unit. Owing 
10 the mutual convertibility of protons and neutrons, they are often 
combined under the common name of “nuclons”. 

264. Binding Energy of Atomic Nuclei. Mass Defect. Above, in 
discussing the numbers of protons and neutrons in the nucleus, we 
lound that the mass of an atomic nucleus equals the total mass 
of all its protons and neutrons. We then proceeded from the assump- 
Lion that the mass of the nucleus is always represented by a whole 
number and that the masses of the proton and the neutron equals 
unity. Actually this is only approximately true. As far back as 1932, 
when Aston began to work with his new improved mass spectro- 
sraph, he found that the masses of individual isotopes in most cases 
deviate somewhat from whole numbers. Besides, the mass of the 
proton and neutron were also found not to equal unity exactly. 
When the masses of various nuclei were calculated using the exact 
values for the mass of the proton and the neutron, it was found that 
the calculated values differed slightly from the values found 
experimentally. 

Let us, for instance, calculate the mass of the helium nucleus, 
which consists of two protons and two neutrons. According to the 
most accurate modern determinations, the mass of a neutron equals 
1.0089, and that of a proton 1.0076 oxygen units. The total mass of 
the protons and neutrons in the helium nucleus equals 


2°1.0076 -+- 2"1.0089 = 4.033 


while actually the mass of the helium nucleus is 4.003, i.e., 0.03 
oxygen unit less. 

Similar results were obtained when the masses of the other nuclei 
were calculated. It was found that the mass of the nucleus is always 
less than the total mass of the particles constituting the nucleus, 
i.e., of all the protons and neutrons taken separately. This phenom- 
enon is known as the mass defect. 

How is the loss of mass in the formation of atomic nuclei to be 
accounted for? Modern physics gives the following answer to this 
question. According to the theory of relativity, founded by one of 
the most prominent scientists of the XX century Albert Einstein 
(1879-1955), there exists a definite relation between mass and 
energy, expressed by the equation 

E=mc 


where E is the energy in ergs; m, the mass in grams; c, the velocity 
of light in cm. per sec. (3 x 1010). 
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It follows, therefore, that any change of mass must be accompanied 
by a corresponding change in energy. If there is an appreciable 
change of mass when atomic nuclei are formed, this means that at 
the same time an enormous amount of energy has been released. 

The mass defect involved in the formation of the helium nucleus 
amounts to 0.08 oxygen unit, and in the formation of 1 gram-atom 
of helium—0.03 gr. According to the above equation this corre- 
sponds to a release of 0.03 x (8 x 100)* = 2.7 X 1019 ergs, or 
6.5 X 108 Cal. of energy. To give an idea of this tremendous quan- 
tity of energy it will suffice to mention that it is approximately 
equal to that produced in one hour by an electric power station of 
about 700,000 kw. capacity. 

The amount of energy emitted during the formation of a nucleus 
from protons and neutrons is called the binding energy of the nucleus, 
and characterizes its stability: the more energy liberated, the more 
stable the nucleus. 

The binding energy of the helium nucleus equals 28 million elec- 
tron-volts. 

Tf the binding energy of the nucleus is calculated and divided by 
the total number of particles (protons and neutrons) in it, we find 
the energy referred to one particle in the nucleus. 

Such calculations carried out for all the nuclei reveal a remark- 
able fact: the binding energy referred to one particle in the nucleus 
is approximately the same in all nuclei and equals 7 to 8 million 
electron-volts. Thus, each particle increases the binding energy of 
the nucleus by the same value. Hence, the proton and the neutron 
bonds in the nucleus are equally strong, i.e., nuclear forces are 
manifested identically with respect to the proton and the neutron. 

265. Artificial Radioactivity. In 1933 Irene Curie and Frédéric 
Joliot-Curie discovered that certain light elements, boron, magne- 
sium and aluminium, emit positrons when bombarded with helions. 
The next year they found that when the source of helions was removed 
the emission of positrons did not cease immediately, but continued 
for some length of time. This meant that helion bombardment had 
resulted in the formation of certain radioactive atoms with a definite 
lifetime, but which emitted positrons instead of helions or electrons. 
Thus was discovered artificial radioactivity, which proved to be 
of quite a specific nature, the nuclear decay in this case leading 
to the emission of positrons. 

Irene Curie and Frédéric Joliot-Curie attributed these phenomena 
to the formation of very unstable nuclei under the influence of helion 
bombardment, which then disintegrated, emitting positrons. For 
example, in the case of aluminium the process takes place in two 
steps: 

AI? + Het= 5p + on! 


| 
| 
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where 15P% is an artificial phosphorus isotope, called “radiophos- 
phorus.” As ordinary phosphorus does not contain this isotope, the: 
latter is obviously unstable and disintegrates into a stable nucleus: 


30 Si30 
sP™=1Si® fet 


The half-life period of radiophosphorus equals 3 minutes and 15 sec- 
onds. 

Similar processes occur when boron and magnesium nuclei are- 
bombarded with helions, “radionitrogen” N° (half-life 14 minutes). 
resulting in the first case, and “radiosilicon” 145%? (half-life 3 min- 
utes and 30 seconds) in the second. 


Frédéric Joliot-Curie, a prominent French physicist, Professor of the Uni- 
versity of Paris, was born in 1900. 

Joliot-Curie was a pupil of the outstanding French physicist Paul Langevin. 
and a co-worker of Marie Curie-Sklodowska in whose ER Joliot-Curie, 
together with his wife Irene Curie, discovered artificial radioactivity. For this: 
discovery he and Irene Curie were awarded the Nobel Prize. 

In 1948 Joliot-Curie constructed the first French nuclear reactor, in which a 
nuclear chain reaction was achieved. 

Joliot-Curie was in the front ranks of the struggle for peace and democracy, 
and up to the day of his death (1958) was President of the World Peace Council. 


Although the amount of artificially obtained radioactive sub- 
stances was exceedingly small, their nature was nevertheless suc- 
cessfully established by chemical means, which gave the grounds 
for writing the above equations. 

The results obtained by Irene Curie and Frédéric Joliot-Curie 
opened up a new wide sphere for investigations. Soon a number of 
analogous works appeared. Especially interesting among them 
were those in which neutrons were employed to bombard the nuclei. 
This was a very appropriate choice, as neutrons, being neutral 
particles, penetrate atomic nuclei much more easily, giving rise to. 
new nuclei. In this way dozens of new radioelements were obtained 
with half-lives ranging from a few seconds to several days. Many 
of these elements were successfully isolated by chemical means. 

Unlike helium bombardment, the radiations in all the latter cases. 
consisted of electrons. The mechanism of formation of radioelements. 
when irradiated with neutrons is evidently as follows: upon captur- 
ing the neutron, the nucleus ejects a proton, turning into a new un- 
stable nucleus with an atomic number one unit lower. The latter 
decays, emitting an electron and again forming the same nucleus as: 
before; for instance: 

zeFes® + on! = asMn® +H! 
sMn® = asFes Le 


Over 400 radioactive isotopes of chemical elements are known at 
present, with electron or positron radioactivity, and with half-lives: 


Frédéric Joliot-Curie 
(1900 1958) 


ranging from fractions of a second to several months. The total num- 
ber of varieties of atoms found in nature or obtained by artificial 
means amounts to approximately 700. 


In studying the reactions of formation of radioactive isotopes a very interest- 
ing phenomenon called nuclear isomery Was observed, consisting in the fact 
that two radioactive atoms may possess the same nuclear charge and the same 
mass number, but different radioactive properties. Thus, for instance, irradiation 
of bromine by neutrons gave rise to two different‘radiobromines, s;Br®0, having 
hall-lives of B-decay of 18 minutes and 4.2 hours. Such atomic nuclei are called 
isomeric; having identical compositions, they are apparently different in 
structure and in different energy States. 


266. Transuranium Elements. The use of neutrons for the bombard- 
ment of atomic nuclei not only led to the preparation of radioactive 
isotopes for all the known elements, but also enabled scientists to 
solve a problem which had long interested them, that of the possi- 
bility of existence of transuranium elements, i.e., elements with 
atomic numbers exceeding 92. 

The first transuranium element was discovered in 1940 in a study 
of the effect of neutrons on uranium. It was found that neutrons with 
an energy of 25 electron-volts are easily absorbed by U238 nuclei, 
resulting in a very unstable f-radioactive isotope of U239 uranium 
with a half-life period of 23 minutes. Emitting beta particles, U239 
changes into a new element with an atomic number of 93. This new 
element was named nepiunium (Np) by analogy with the planet 
Neptune, which follows the Uranus in the solar system. 
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The formation of neptunium can be represented by the following 
equations: 
s2U233 4-01 = 52 U2 
s2U* = Np? Lex 
(23 mir.) 

It was subsequently established that Np is also radioactive. 
Undergoing f-decay, it changes into an element having the atomic 
number 94, which has been named plutonium (Pu): 

ssNp* = Puts Le 
(2.3 days) 

Thus, irradiation of uranium by neutrons resulted in two transura- 
nium elements, namely, neptunium and plutonium. 

Plutonium Pu is quite a stable element, its half-life period being 
about 24,000 years. Emitting helions, it changes very slowly into the 
uranium isotope U23s, 

Another plutonium isotope, Pu238, had been obtained previously 
by bombarding uranium with deuterons (heavy hydrogen nuclei) 
in a cyclotron (see p. 674). At the same time an unstable isotope of 
neptunium Np# is formed as a by-product. The process takes place 
according to the following equations: 


s2U°° LH? = 3Np®® +200 
ssNP*® = Pu +e 
(2 days) 

The plutonium isotope Pu®38 is«-active and has a half-life of about 
50 years. 

In 1942 another isotope of neptunium was obtained, namely 
Np2®?, which is especially noteworthy, as it is «-active and has a 
very long half-life period, amounting to 2.25 x 106 years. Owing 
to its high stability this isotope is very convenient for a study of 
the chemical properties of neptunium. 

Two more transuranium elements with the atomic numbers 95 
and 96 were discovered in 1945. They were named americium (Am) 
and curium (Cm). The former is obtained by bombarding U238 in a 
cyclotron by helium nuclei of tremendous velocities. The reaction 
takes place in two steps: 

20° + Het = Put pnt 
saPU = ss Amz 4 e- 


Tf plutonium (Pu?) is bombarded in a similar manner, the result 
1S curium: 
suPu2 + Het = Cm ont 
In 1950 elements with nuclear charges of 97 and 98 were obtained 
by bombarding americium Am24t and curium Cm2#2 with alpha 
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particles possessing energies of 35 Mev. These elements were named 
berkelium (Bk) and californium (Cf) in honour of the town and state 
in which they were synthesized. 

Both elements were prepared in very small quantities (the total 
quantity of californium obtained did not exceed 10,000 atoms) but 
nevertheless they were successfully isolated and their radioactive: 
and chemical properties studied. The new elements were isolated 
chemically by the chromatographic method (see p. 420), using 
special synthetic resins. 

In 1954 foreign periodicals reported the production of two more 
elements, following californium in the Mendeleyev Table and 
having the nuclear charges 99 and 100, in cyclotrons and nuclear 
reactors. 

During the year following the publication of reliable data on the 
discovery of these elements, five isotopes of element No. 99 and four 
isotopes of element No. 100 were synthesized. The lighter of these 
isotopes were obtained by bombarding uranium atoms in the cyclo- 
tron with hexa-charged nitrogen ions, possessing energies of over 
100 Mev and oxygen ions with energies of 180 Mev. The rest of them, 
were obtained by prolonged radiation of plutonium in nuclear reac- 
tors with slow neutrons. The new elements were named einsteinium 
(En) and fermium (Fm) in honour of the prominent scientists A. Ein- 
stein and E. Fermi. The mass numbers of these elements are 253 and 
255, respectively. 

Synthesis of each new element has proved, as a rule, more and more 
complex; an outstanding achievement of human thought and modern 
experimental technique was the discovery of the new element No. 101 
named after the great Russian chemist mendelevium (My). 

Mendelevium was obtained (U.S.A., 1955) by bombarding one of 
the isotopes of einsteinium, namely, En283, with alpha particles 
having energies of about 40 Mev. Altogether only seventeen atoms of 
mendelevium were obtained, but nevertheless G. Sieborg and his 
collaborators, who synthesized the new element, were able to establish 
its radioactive and chemical properties. 

At present the chemical properties of the first transuranium ele- 
ments, especially those of plutonium, have been studied in rather 
great detail. 

It is known that neptunium and plutonium chemically resemble 
uranium. Both elements, like uranium, manifest valencies of 3, 4, 
5 and 6, and decrease in stability of their highest valency compounds 
from uranium to plutonium; therefore, the transfer of neptunium and 
especially plutonium from its lowest to its highest"degree of oxida- 
tion requires a more powerful oxidative action than the same transfer 
in uranium. The stability of the compounds of the highest degree of 
oxidation continues to decrease in the elements following plutonium, 


267. Utilization of Subatomic Energy 685 


americium and curium, for which the valency number 3 is charac- 
teristic, curium apparently being capable of forming only com- 
pounds in which it is trivalent. 

The peculiarities of chemical behaviour of the first transuranium 
elements, the absence of any resemblance between them and the 
elements of the sixth period of the Periodic Table located above them, 
rhenium, osmium, etc., as had been supposed at first, led to the 
assumption that, like in the case of the lanthanide atoms, it was not 
the second last electron layer that was being filled with electrons in 
these atoms, but the underlying third last one. This layer begins to 
fill up right after thorium (No. 90), thus actinium, No. 89, is followed 
by a series of elements which, by analogy with the lanthanides, may 
be called actinides. 

The production of the other transuranium elements and investi- 
gation of their chemical properties show that this assumption was 
correct and that the elements following actinium resemble the lan- 
thanides chemically. This made it necessary to alter the earlier 
grouping of the elements of the seventh period. In this period only 
the first three boxes remained filled, the actinides being placed, like 
the lanthanides, outside the Table proper (see pp. 90-91). 

267. Utilization of Subatomic Energy. The decay of atomic nuclei 
is accompanied by the release of enormous amounts of energy, exceed- 
ing the energy of ordinary reactions by millions of times. No wonder, 
therefore, that the problem of utilization of subatomic (or nuclear) 
energy has long drawn the attention of investigators. However, the 
practical solution of this problem met with a number of obstacles 
which seemed unsurmountable. 

All the nuclear transformations described in the previous para- 
graph are caused by lbombarding nuclei either with helions ejected 
by natural radioactive elements or with protons and deuterons 
(heavy hydrogen nuclei), which can be artificially accelerated in 
special apparatuses, or, finally, with neutrons. But during such 
bombardments the probability of the flying particles colliding with 
the nucleus is very low. At best the number of hits leading to nuclear 
fission equals 1 : 104, i.e., only one particle in 10,000 hits a nucleus, 
while the other 9,999!particles are lost for the reaction. The most 
favourable conditions for bombarding nuclei are attained with 
neutrons, which bear no charge and are therefore not deflected by 
the nucleus. However, the very production of neutrons by means 
of nuclear reactions is very inefficient. 

But the main obstacle to the practical utilization of nuclear power 
was that not a single reaction was known which, once started by 
some external action, would continue subsequently by itself, as is 
the case, for instance, with the burning of fuel, and certain other 
chemical reactions. 
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Entirely new opportunities for the production of nuclear power 
arose at the beginning of 1939 when Hahn and Strassmann of Ger- 
many discovered that when uranium is irradiated with neutrons, 
the ordinary nuclear reaction is accompanied by another process, 
namely “fission” of the nuclei of this element into two approximately 
equal parts, about 10 to 20 times more energy being liberated than 
in the first case.* At about the same time the Soviet physicists. 
K. Petrzhak and G. Flerov established that aside from their usual 
radioactive decay uranium nuclei could also Split spontaneously, 
albeit much more slowly. The half-life period of this process equals 
10!8 to 1016 years. 

The experiments on irradiating uranium with neutrons Were rTe- 
peated by Joliot-Curie in France, as well as by American physicists. 
It was established that the fragments resulting from the fission of 
uranium nuclei were unstable isotopes of various lighter elements 
which changed into stable isotopes as a result of subsequent B-decay. 
At the same time, the most important peculiarity of this new nuclear 
reaction was detected: it was found that the nuclear fission of ura- 
nium caused by neutrons is accompanied by the emergence of from 
one to three new neutrons of very high kinetic energy. These “secon- 
dary” neutrons are capable of causing new fissions if they hit intact 
uranium nuclei, this fission again being accompanied by the emer- 
gence of neutrons, etc. 

Thus appeared the possibility of a nuclear chain reaction with the 
emission of neutrons, which enabled the reaction to proceed independ- 
ently, once started. If more than one neutron forms instead of each 
neutron, which causes nuclear fission, and each of the new neutrons, 
in its turn, splits a nucleus, the speed of the reaction will increase 
indefinitely and an explosion will result. 

Further investigation of the fission of uranium nuclei by neutrons 
showed that the reaction is much more complicated than was thought 
at first. The trouble is that natural uranium consists chiefly of 
two isotopes, 99.3 per cent of U*®® and 0.7 per cent of U235, The 
first, heavier isotope, can be Split only by very fast neutrons. 
Therefore, most of the neutrons hitting U8 nuclei, though 
absorbed by them, do not cause fission. On the contrary, U2#5s nuclei 
are easily split by neutrons, mainly slow ones. The chain reaction 
iS possible only with the isotope U*s, and in order to accomplish it 
the secondary neutrons must be considerably slowed down. This can 
be achieved by making the neutrons pass through a substance fof 
small atomic weight, called a moderator. The most suitable modera- 
tors are hydrogen (especially its heavy isotope, deuterium), beryl- 


* The nuclei of thorium and protactinium are subject to similar fission 
When irradiated with neutrons 
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lium and carbon (as graphite), whose nuclei absorb most of the: 
energy of neutrons upon elastic recoil of the latter from them. 

In natural uranium, which consists mainly of U238 and contains. 
very little U235, the chain reaction cannot develop with slow elec- 
trons, as the secondary electrons are captured by the U?38 nuclei 
before their velocity can be moderated sufficiently, and so do not 
cause further fission. Therefore to carry out a chain reaction, U3 
must be separated from U238, 

The capture of neutrons by U?38 nuclei leads to the formation of 
the f-active isotope U299. A study of the further transformations of 
this isotope, as stated in the previous paragraph, led to the discov- 
ery of the first transuranium elements, neptunium and plutonium, 
and it was established moreover, that plutonium nuclei are Split 
by slow neutrons just as readily as U235s nuclei, liberating immense 
quantities of energy and ejecting new neutrons. 

Such were the new. scientific facts which became known before the: 
beginning of World War II. They opened out quite ponderable Possi- 
bilities for the unharnessing of tremendous quantities of energy. 

The most important problem that still remained to be solved was 
primarily the separation of uranium isotopes and the isolation of 
pure U235, as it seemed probable that this isotope could be used as 
an explosive of unprecedented destructive power. 

The separation of isotopes even in laboratory conditions entails 
immense experimental and technical difficulties. Though many 
methods of isotope separation are known, they are all extremely com- 
plex, clumsy and of low efficiency. In this case the problem was fur- 
ther complicated by the very insignificant content of U225 in natural 
uranium. However, all these difficulties were overcome. As a result 
of numerous investigations and the painstaking work of scientists 
and engineers, plants were erected for the separation of uranium iso- 
topes and they began to produce considerable amounts of Us, 

It should be noted that the chain reaction of nuclear fission can 
Proceed only in a large enough lump of U?235. Otherwise the majority 
of the neutrons formed by the fission of the Us nuclei may emerge 
from the lump before they collide with other uranium nuclei, thus 
interrupting the chain reaction. The least amount of U23s, with which 
a Chain reaction is just possible, is called its critical mass. Smaller 
lumps of U23s will not explode. But if small lumps, the total mass 
of which exceeds the critical, are brought together quickly, a violent 
reaction ensues resulting in an explosion. 

This is the basic principle of the “atomic bomb”, the first variant 
of which consisted of two pieces of U235, separated from one another 
and enclosed in a shell ofa special material serving as a neutron 
reflector. The mass of each of these pieces of “explosive” was a little 
more than half the critical. 
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Tf these pieces of U235 are united Very rapidly by means of an ordi- 
nary explosive placed in the common outer shell together with the 
pieces of uranium, an explosion of tremendous force results. It will 
Suffice to mention that the temperature at the point of explosion of 
the first specimens of atomic bombs reached several million degrees, 
and the pressure several million atmospheres. 

Together with the separation of uranium isotopes, investigations 
‘were ‘also carried out in many countries with the aim of accom- 
Dlishing a controllable chain reaction in unseparated uranium. 

As mentioned above, no chain reaction based on slow neutrons can 
develop in natural uranium, owing to the absorption of the neutrons 
by U?38 nuclei. But if small pieces of uranium are distributed at equal 
distances through a mass of graphite serving as the moderator, the 
fast neutrons emitted by the split U235 nuclei are slowed down as 
they pass through the layer of graphite and collide with the light 
carbon nuclei. After this, when they enter new pieces of uranium they 
are absorbed very little by U*® nuclei. Therefore a considerable part 
of them is captured by Us nuclei, causing their fission. In these 
conditions, the chain reaction takes place much less violently than 
in pure U5, and more important, its rate can be controlled. How- 
ever, a considerable quantity of Very pure uranium is required to 
Sustain the process. ‘rt ‘ 

A unit consisting of lumps (blocks) of uranium distributed at 
“definite distances through a mass of graphite, is called a nuclear 
reactor or uranium pile. 

The first experimental nuclear Teactor, constructed by the Ameri- 
Cans, was started in December 1942.- It contained about 6 tons 
of pure uranium, the least quantity necessary for its opera- 
tion. 

Besides the fission of U23s nuclei and the release of an immense 
amount of energy, another very important process takes place dur- 
ing the operation of a reactor. This is the gradual accumulation of 
Plutonium in the reactor as a result of the absorption of some of the 
neutrons by U?38 nuclei. As plutonium is a different element than 
uranium, it can be separated from it chemically. 

The Americans constructed a ‘huge plant for the production of 
plutonium in Hanford (State of Washington), which began to put 
out plutonium in December 1944. Plutonium, like U235, was used 
by the Americans to make atomic bombs. 

At the high temperatures developed during the explosion of the 
atomic bomb, synthesis of light complex nuclei from simpler ones 
becomes possible in principle. Such is,for instance, the synthesis of 
helium from the hydrogen isotopes H® and H3. Such processes, re- 
ferred to as thermonuclear, are accompanied by the liberation of co- 
lossal amounts of energy. The use of thermonuclear processes in the 
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so-called hydrogen bomb has made it possible to produce a weapon 
many times more powerful than the atomic bomb. 

Processes of a similar kind evidently take place in the depths of 
the sun and the stars and are the source of the colossal amounts of 
luminous energy emitted by them over billions of years. 
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Fig. 160. Nuclear reactor: 


1— graphite blocks; 2—uranium rods; 3—cadmium control rod; 
4—concrete shielding 


Subatomic energy was first used to create a weapon of unprece- 
dented destructive force. For a certain, very short time, the Ameri- 
cans owned the monopoly of producing this weapon. However, very 
soon the Soviet Union put an end to the monopoly of the U.S.A. in 
this field. At the same time the Soviet Union has fought and contin- 
ues to fight persistently for complete ban of nuclear and other types 
of weapons of mass destruction. 

Striving to set the energy of the atomic nucleus to work for the 
good of mankind, the Soviet Union pioneered the utilization of atom- 
ic energy for peaceful purposes. In June 1954 the first industrial 
atomic power station of 5,000 kilowatts capacity was started in the 
U.S.S.R., this energy being obtained at the expense of uranium nu- 
clear fission. The experience gained as a result of the operation of this 
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station has made it possible to undertake the construction of even larg- 
er atomic power stations. In the course of the next few years sever- 
al atomic power stations totalling 2 to 2.5 million kilowatts will be 
erected in the U.S.S.R. Atomic power stations are now being built 
also in England, the U.S.A. and other countries. 

The rapid progress of nuclear power development is due to the high 
transportability of the “atomic fuel” used at such stations. It will 
suffice to mention that a thermal power station of 500,000 kilowatts 
capacity consumes about 100,000 carloads of coal per year, while an 
atomic power station of the same capacity requires only a few car- 
loads of uranium. 

The peaceful use of subatomic energy is not limited to the creation 
of atomic power stations. In various countries of the world work is 
being carried on in connection with the construction of atomic power 
units for transportation purposes. 

An ice-breaker has been built in the Soviet Union, capable of 
escorting vessels through the North Sea Route without refuelling for 
a period of two or three years. The engine of this ice-breaker will 
be set to work by nuclear energy. 

Great opportunities are offered also by the use of nuclear radiations 
and radioactive isotopes. Radioactive radiations are being used suc- 
cessfully in medicine for curing certain diseases, in industry and in 
agriculture. Radioactive isotopes of various chemical elements (co- 
balt, iron, carbon, phosphorus, iodine, etc.) are widely used for 
Solving scientific and technical problems. 

The peaceful use of nuclear energy is still in the initial stage of its 
development. Many trends of its use are still not more than outlined. 
However the results achieved in the course of the last decade are a 
graphic illustration of the fact that the use of the energy of the atomic 
nucleus opens out wide opportunities before mankind for the devel- 
opment of the productive forces and for further technical progress. 
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Antichlor, 352 
Antifreeze, 465 
Antimony, 408 
compounds, 409 et seq. 
Antimonyl, 409 
chloride, 409 
Anthracite, 434 
Apatite, 397 
Aquamarine, 482, 586 
Aqua regia, 389 
Argon, 300 
Arsenates, 406 
Arsenic, 404 et seq. 
allotropy of, 405 
black, 405 
compounds of, 405 et seq. 
trihydride, 405 
trioxide, 406 
uses of, 408 
white, 406 
Arsenic nickel, 665, 666 
Arsenic pentoxide, 406 
Arsenites, 406 
Arsenopyrite, 404 
Arsine, 405 
Asbestos, 482, 589 
Aspirin, 471 
Association of molecules, 215 
Astatine, 161, 304 
Atmosphere, 
composition of, 297 
Atom(s), 21, 40, 41, 42, 43 
complex, 40 
determination of radii of, 153 
diameter of, 79, 112 
electronic structure of, 162 
labelled, 182 
nuclear model of, 110 et seq. 
mass number of; 677, 678 
relative size of, 151 
Atom(s), 
structure of, 100, 110 et seg., 
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Atom(s), 
114 et seq., 129 
weight of, 79 
Atomic 
bonds, 129, 134 
heat, 60, 61 


power stations, 689, 690 
Atomic nucleus, 110, 672 et seq. 
charge on, 113 
disintegration of, 672 et seq. 
structure of, 672, 673, 674 
Atomic 
number, 114, 115, 161 
weight, 40, 49, 82 et seq. 
determination, 40, 59 et seq., 
158, 179, 301 
Atomics of Dalton, 39 et seq. 
Atoms and molecules, science of, 


30 et seq., 76 
Austenite, 657 
Avogadro 


law of, 42 et seq. 
number of, 79 
Azides, 383 


Barium, 584 et seq. 
compounds, 594 

Baryta water, 594 

Barite, 594 

Bases, 272 

Basic salts, 66 

Bauxite, 607 

Berthollet’s salt, 323 

Berthollides, 537 

Beryl, 586 

Beryllates, 586 

Beryllium, 586 et seq. 
compounds, 586 et seq. 

Bessemer process, 655 

Bismuth, 410 
compounds of, 410 et seq. 
hydride, 410 
ochre, 410 

Bismuthite, 410 

Blast furnace, 651 et seq. 

Bleaching powder, 322 

Bond(s) 
atomic, 128, 132, 133 
coordination, 582 
covalent, 128, 132, 133, 137 
donor-acceptor, 582 
double, 448 
electrovalent, 128, 132, 137 
hydrogen, 215 
ionic, 129, 130 


Subject index 


Bond(s) 
ionogenous, 574 
metallic, 130 
polar, 138 
triple, 448 
Bone charcoal, 416 
Borates, 605 
Borax, 606, 607 
beads, 607 
Boric acid, 605 
Boric anhydride, 606 
Borides, 605 
Borobutane, 605 
Boron, 604 et seg. 
compounds, 605 et seq. 
Brasses, 561 
Brilliants, 414 
Bromic acid, 325 
Bromides, 318 
Bromine, 304, 306 et seqg., 312 
Bronzes, 561, 620, 666 
Brownian movement, 77 
Brownite, 645 
Butadiene, 458 


Cc 


Cadmium, 594, 598 
compounds of, 599 
plating, 599 

Caesium, 546, 549 

Calcium 584, 585, 589 et seq. 
acid carbonate, 591 
acid sulphite, 352 
carbide, 380, 422 
carbonate, 424 
chloride, 317 
cyanamide, 380, 422 
hydride, 589 
hydroxide, 590 
hypochlorite, 322 
nitrate, 39% 
oxide, 589 
phosphates, 403 
salts, 591 
Sulphate, 356 

Calculations 
according to chemical equations, 
68 et seq. 
according to formulas, 67 

Californium, 684 

Calomel, 601 

Calorization, 610 

Calorimetric bomb, 430 

Canal rays, 179 

Capron, 475 

Carbides, 421 
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Carbohydrates, 471 
Carbolic acid, 466 
Carbon, 412, 413 
allotropy of, 413 
amorphous, 413, 416 
cycle in nature, 440 
tetrachloride, 462 
Carbon disulphide, 428 
Carbonates, 423 
Carbon dioxide, 297, 422 
Carbonic acid, 422 
Carbonic acid gas, 422 
Carbon monoxide, 202, 421 
Carbon tetrachloride, 462 
Carbonyl group, 468 
Carborundum, 4717 
Carboxyl, 468 
Carboxylic acids, 468 
Carnallite, 305, 557, 587 
Case-hardening, 658 
Cassiterite, 619 
Catalyst(s), 188, 199, 364 
negative, 365 
poisoning of, 359, 367 
Catalysis, 364 et seq. 
heterogeneous, 365 
homogeneous, 365 
Cathode coating, 523 
Cathode rays, 101, 102 
Cationite, 593 
Cations, 252 
Caustic potash, 556 
Caustic soda, 553 et seq., 555 
Celestite, 594 
Cells 
galvanic, 511 et seq. 
unit, 152 
Cellulose, 472 
Cellulose acetates, 473 
Cement, 487 et seq. 
acid-resistant, 489 
alumina, 489 
clinker, 488 
hydraulic module of, 488 
magnesia, 588 
setting of, 488 
Cementite, 654 
Ceramic industry, 486 
Ceramics, 486 
Cerium, 615 
Chain reactions, 311, 688 et seq. 
Chalk, 413, 424 : 
Charcoal, 416 
activated, 419 
Charcoal fume poisoning, 428 
Chemical equilibrium, 184 
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Chemical kinetics, 184 
Chemical phenomena, 15, 16 
Chemical 
equations, 68 et seq., 289, 326 
formulas, 63, 64, 65, 67 
symbols, 62 
Chernov points, 658 
Chloric acid, 324 
Chlorates, 323 
Chlorides, 317 
Chlorine, 306, 307 et seq., 312 
active, 323 
crystalline hydrate of, 307 
dioxide, 324 
hydrolysis of, 320 
Chlorine water, 306 
Chloroform, 462 
Chrome alum, 637, 640 
Chrome plating, 636 
Chromic acid mixture, 640 
Chromic anhydride, 636, 638, 640 
Chromite (chromic iron ore), 636 
Chromates, 638 
Chromites, 637 
Chromium, 636, 637 
compounds of, 635 et seq. 
subgroup, 635 
Chromatographic analysis, 421 
Cinnabar, 599, 602 
Clarks, 48 
Clays, 483 
Cleavage, 149 
Clinker, cement, 488 
REE 500, 501 


Coa 
bituminous, 434 
brown, 434 
mineral, 413, 433 
underground gasification of, 


439 
Coal gas poisoning, 428 
Cobaltite, 664 
Cobalt, 650, 664 
compounds, 664 et seq. 
glance, 664 
Cobalt (paint), 665 
Coefficient 
isotonic, 247, 262 
temperature, of reaction, 189 
Coke-oven gas, 202, 437 
Coke, 416 
eat, 434 
Colloid(s), (al), 491 
EE of, 503 
yophobic, 501 
lyophylic 501 
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Colloid (s) 

mills, 496 

articles, 496, 498 
Colloid(s) 

protective influence, 502 

Solutions, 494, 495, et Seq., 497 
Colcothar (Indian red), 662 
Combining weights, 37 
Combustion, 24, 32, 333 
Common salt, 305, 317 
Complex compounds 

of cobalt, 665 

of copper, 563 

of platinum, 669 

of silver, 567 

Structure of, 573 et seq. 
Complex formation, 579 et seq. 
Complex former, 573 
Complex salts, 564 
Compounds 

acyclic, 450 

complex, 563, 567, 573 et seq. 

coordinationally unsaturated, 576 

silico-organic, 489 

endothermal, 73 

exothermal, 73 

intermetallic, 543 

ionic, 129, 131, 133 

mineral, 442 

Organic, 442 

fundamentals of classification of, 

447 et seq. 

with mixed functions, 451 
Concentration, 184 

eutectic, 242 

of hydrogen (oxonium) ions, 392 

of ions, 268 

of solutions, 229 et seq. 
Concrete, 489 
Condensation, 467 
Constant 

cryoscopic, 243 

dielectric, 257, 258 

ebullioscopic, 243 

equilibrium, 193 

instability, of complex ions, 568 

ionization, 268 

lattice, 156 

Planck, 117, 123 

radioactive, 174 

reaction rate, 186 
Constantan, 561 
Constants, physical, 15 
Contact apparatus, 359 
Conversion of carbon monoxide, 202 
Converters, 655 
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Coordination 
bond, 582 
number, 575, 578 
of lattice, 156 
Coordination 
sphere, 573 
a 573 et seq. 
Gopher 557 et seq. 
blister, 559 
compounds, 561 et seq. 
glance, 558 
pyrite, 558 
refining of, 559, 560 
Subgroup, 557 
sulphate, 562 
Corpuscles, 30 
Corrosion, 519 
measures for prevention of, 
522 et seq. 
Corrosive sublimate, 317 
Corundum, 611 
Cosmic rays, 676 
Counter-ions, 498 
Covalent bonds, 128, 132, 133, 321, 
449 
Cowper stoves, 653 
Cracking, 456 
Critical 
mass, 687 
temperature, 98 
Crown 
green, 636 
yellow, 639 
Crucible steel smelting, 656 
Cryolite, 608 
Crystal(s) 
cleavage of, 149 
efflorescence of, 231 
internal structure of, 150 
lattices, 150 
mixed, 156, 157 
rock, 479 
symmetry of, 146, 148 
Systems, 146 et seq. 
vectorality of properties of, 
148 
Crystal hydrates, 230, 577 
vapour pressure of, 231 
Crystallographic axes, 147 
Crystalloids, 491 
Cuprites, 565 
Curium, 683 
Cyanamide, calcium, 380 
Cyanides, 429 
Cyanogen, 429 
Cyclotron, 674 
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Daltonides, 537 
Datolite, 604 
DDT, 463 
Dees, 674 
Degrees of hardness, 591 
Desmine, 408 
Desorption, 417 
Detonating gas, 205 
Deuterium, 181 
Developers, 570 
Developing, 570 
Dextrin, 472 
Dialyzer, 491 
Dialysis, 491 
Diammaphos, 404 
Diamond, 413, 414 
Dichromates, 638 
Dichromic acid, 638 
Dielectric constant, 258 
Difluorodichloromethane (freon), 
463 


Diffraction of electrons, 123 
Diffusion, 234 
Dipoles, 141 
induced, 143 
Dipole moment, 141 
Dispersed phase, 494 
Dispersed systems, 494 
Dispersion medium, 494 
Dissociation 
act of, 254 et seq. 
constant, 268 
electrolytic, 250 
of acids and bases, 266 
of hydroxides, 274 
of polar molecules 257 
of salts, 266 
of water, 215, 217, 289 et seq. 
thermal, 197 
Dissolving 
act of, 220 et seq. 
Dolomite, 587 
Donor, 582 
Double electric layer, 514 
Dobereiner’s triads, 82 
Dry bone, 595 
Duralumin, 610 


E 
Eau de Javelle, 322 
Ebonite, 346 
ES radii of atoms and ions, 
15, 
Efflorescence of crystal hydrates, 231 
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Electric separator, 359 
Electrode, 
normal hydrogen, 516 
Electrode potential, 516 
Electrolysis, 250, 527 et seq. 
laws of, 531 et seq. 
Electroly te(s), 250 
Electroly te(s), 
strong, 264, 265, 270 
weak, 264, 265 
Electrolytic dissociation, 250 
Electron affinity, 169, 309 
Electron (alloy), 587 
Electron(s) 
SED in atoms, 118 et seq., 
12 


atmosphere, 135 
diffraction of, 123 
discovery of, 100, 101 
layers, 119 
FACS LSem OnE of charge on, 102, 
103 
microscope, 80 
paired (common), 134, 136 
pairs, 138 et seq. 
shell of atoms, 118 et seq. 
valency, 132, 134, 136 
volt, 675 
Electronegativity of an element, 170 
Electrophoresis, 498 
Electrovalent bonds, 130 
Electrovalency, 132, 133 
Element(s), 20, 30, 44, 45, 183 
abundance of, 47 
dependence of properties of, on 
atomic structure, 167 et seq. 
electropositive and  electronega- 
tive, 507 
mixed, 183 
pure, 183 
radioactive, 173 et seq. 
rare earth 167 
transuranium, 682 et seq. 
typical, 88 
Emanation, 108, 300, 301 
Emerald, 482, 586 
Emery, 611 
Emulsions, 492 
Energy 
binding, of the nucleus, 680 
chemical, 71 
ionization, 168, 549 
of crystal lattices, 151 
of quantum, 117 
Subatomic, 685 et seq. 
Epsom salts. ‘357 
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Equation(s) 
chemical, see Chemical equations 
E quation(s) 
ionic, 281, 287 et seq. 
of state of a gas, 53, 54 
thermochemical, 74 et seq. 
Equilibrium 
adsorption, 47 
“blocking of”, 218 
chemical, 190 et seq. 
displacement (shift) of, 192 
Equilibrium 
ionic, 277 et seq. 
Equivalent weight, 36 
of an acid, 222 
of a base, 222 
of a complex substance, 38 
of a salt, 222 
of an element, 37, 61 
Erosion 
of rocks, 482 
Esterification, 464 
Esters, 464 
of cellulose, 473 
Ethanol, 464 
Ether, diethyl, 466 
Ethers, 466 
Ethylene, 35, 455 
Ethylene glycol, 465 
Ethylmercuric chloride, 454 
Eutectic, 242, 539 
concentration, 242 
mixture, 539 
temperature, 242, 539 


F 


Fats, 469 
hydrogenation of, 206 
saponification of, 469 

Feldspars, 482 

Fermentation, 464 

Ferrates, 664 

Ferric acid, 661, 664 

Ferrites, 662 

Ferrochrome, 636 

Ferrocyanic acid, 663 

Ferrocyanide, potassium, 662 

Ferromanganese, 645 

Ferrotitanium, 629 

Ferrovanadium, 633 

Fertilizers 
nitrogen-containing, 394 et seq. 
Phosphorus-containing, 403 et seq. 
potassium-containing, 556 
Thomas slag, 656 
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Fire damp, 451 

Flint, 479 

Flotation, 526 

Fluorides, 319 

Fluorine, 304 et seq., 311 
oxygen compounds 325 

Fluosilicates, 479 

Fluosilicic acid, 479 

Fluorspar, 305 

Foil, 619 

Formaldehyde, 466 

Formulas, chemical, 65 
simplest (empiric), 66 

Formulas, 


structural (constitutional), 67 


true (molecular) 65 
Francium, 161 
Freons, 313, 462 
Fuel 

yaseous, 436 et seq. 

heat value of, 435 et seq. 
Functional groups, 451 
Fusibility diagram, 538, 541 


G 


Galena, 623, 625 
Galvanoplastics, 531 
Gas welding, 205 
Gas(es) 
constant JE SERED) 54 
density of, 50 
inert, 297, 300 et seq. 
liquor, 378 
partial pressure of, 55 
solubility of, 224 et seq. 
Gallium, 613 
subgroup, 613 
Galvanic cells, 511 et seq. 
Gel, 503 
Gelatination, 503 
Geochemistry, 47 
German silver, 561 
GAT 617 
subgroup, 616 
Glance, 623 
Glass, 483 et seq. 
fibre, 486 
quartz, 485 
refractory, 482 
ruby, 485 
soluble, 480 
uviol, 485 
water, 480 
Glauber's salt, 357 
Glaze, 486 
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Glucose, 471 
Glycerine, 465 
Gneiss, 482 
Gold, 557, 570 
compounds, 571 
mosaic, 622 
telluride, 570 
Gram-atom, 53 
Gram-ion, 269 
Gram-molecule, 52 
Gram-molecular volume ofa gas, 52 
Gram-equivalent, 223 
Granites, 482 
Granosan, 454 
Grape sugar, 471 
Graphite, 414, 415 
Gunpowder 
black, 394 
Smokeless, 390 
Gutta-percha, 456 
Gypsum, 357, 589 


H 


Half-life period, 175 
Halogen derivatives of hydrocarbons, 
462, et seq. 
Halogens, 304, et seq. 
chemical properties of, 307 et seq. 
hydrogen compounds of, 313 et seq. 
oxygen compounds of, 319 et seq. 
physical properties of, 396 et seq. 
preparation of, 311 et seq. 
uses of, 311 et seg. 
Hard water, 213, 591 
Hausmannite, 645 
Heat 
of formation of compounds, 74 
of hydration, 232 
of solution, 229 
Heavy water, 182 
Helions, 672 ly 
Helium, 300, 302 et seq. 
Hersdorfite, 666 
Heterogeneous system, 189 
Hexachlorane, 463 
Hexachlorocyclohexane, 463 
Homogeneous system, 189 
Homological series, 452 
Homologues, 452 
Horn silver, 565 
Hydration, 229 
Hydrates, 229 
of ions, 256 
Hydraulic module of cement, 488 
Hydrazine, 383 He 
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Hydrides, 204, 550 
Hydrobromic acid, 318 
Hydrocarbon radical, 464 
Hydrocarbonates, 423 
Hydrocarbons 

acyclic, 450 

alicyclic, 450 

aromatic, 450, 459 et seq. 

cyclic, 459 

Saturated, 451 et seq. 

unsaturated, 454 et seq. 
Hydrochloric acid, 315 
Hydrocyanic acid, 429 
Hydrofluoric acid, 318 
Hydrogenation, 206 
Hydrogenation 

of coal, 206, 434 

of fats, 206 

Hydrogen arsenide, 405 
Hydrogen boride, 605 
Hydrogen bromide, 313 


Hydrogen chloride, 313 et seq. 


Hydrogen fluoride, 313 
Hydrogen halide, 313 et seq. 
Hydrogen iodide, 313 
Hydrogen, 200 et seq. 
bond, 215 
dissociation, of, 206 
electrode, 516 
heavy (deuterium), 181 
ion index (pH), 290 
isotopes, 181 
modifications of, 204 
monatomic, 206 
preparation of, 200 et seq. 
properties of, 203 et seq. 
uses of, 203 et seq. 
polysulphides, 350 


Hydrogen peroxide, 337 et seq. 


Hydrogen phosphide, 400 
Hydrogen sulphide, 347 

water, 347 
Hydroiodic acid, 318 
Hydrolyte, 589 
Hydrolysis 

degree of, 295 

of chlorine, 320 

of esters, 464 

of salts, 292 et seq. 
Hydrosulphuric acid, 347 
Hydroxides, 229, 274, 335 

amphoteric, 275 
Hydroxonium ion, 256 
Hydroxyl, 66 
Hydroxylamine, 374 
Hydroxyl radical, 66 
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Hydroxysalts, 597 

Hypo (thiosulphate), 352 
Hypobromous acid, 325 
Hypochlorites, 320 
Hypochlorous acid, 321 


I 


Tatrochemistry, 23 
Ice, 216 et seq. 
dry, 423 
Tlimenite, 629 
Indian red, 662 
Indycators, 224, 291 
isotopic, 182 
Indium, 613 
Inductor, 188 
Indusrty 
ceramic, 486 
fundamental chemical, 362 
nitrogen, 394 
silicate, 483 
Infusorian earth, 479 
Inhibitors, 522 
Intermetallic compounds, 543 
Invar, 666 
Iodic acid, 325, 326 
Todic anhydride, 325 
TJodides, 318 
Todine, 304, 306 et seq., 312 
TJon-product for water, 290 
Tonic 
atmosphere, 271 
bond, 130 
compounds, 129, 131, 132 
derivation of, 288 
equations, 281, 288 
hydrates, 256 
lattices, 150 
Tonization, 250 
TJonization potential, 169, 549 
IJonogenous bond, 574 
Ton(s), 102, 119, '250 
activity of, 271 
charge on, 119 


complex, 563, 564, 574 et seq, 


deformation of, 141 
designation of, 113, 252 


determination of radius of, 153 


et seq. 


diagrams of structure of, 129 et seg. 


instability constant of, 568 
motion of, 256 et seq. 
oxonium, 256 

packing of, in crystals, 506 
polarization of, 141 
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Iridium, 668, 670 
Iron, 650 et seq. 
Iron, 
carbonyls, 664 
compounds, 659 et seq. 
specular, 645 
grey, 654 
production of, 651 et seq. 
properties of, 659 
Subgroup, 650 
white cast, 655 
Iron and steel metallurgy, 658 
Iron ore, 651 
brown, 651 
magnetic, 651 
red, 651 
spathic, 651 
Tron pyrites, 651 
Iron scale, 660 
Tsobars, 183 
Isomers, 444 
geometrical 450 
Isomerism, 444, 449 


of complex compounds, 578 et seq. 


nuclear, 682 
Isomorphism, 156 
Isoprene, 456 
Isotopes, 176, 179 et seq., 678 
separation of, 182 


J 


Jasper, 479 

Jellies, 503 
elastic, 504 
swelling of, 504 


K 
Kainite, 587 
Kaolin, 483 
Kaolinization, 483 
Ketones, 468 


Kinetic theory of gases, 57 et seq. 


Kinetics 

chemical, 184 et seq. 
Knocking of motor fuel, 458. 
Krypton, 300 et seq. 


L 
Lactic acid, 470 
Lake salt, 305 


Lampblack, 416 
Lanthanides, 86, 87, 614 
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Lanthanum, 614 
Lattice 
atomic, 151 
Lattice, 
constant, 154 
coordination number of, 156 
energy of, 151 
ionic, 151 
molecular, 151 
of metals, 151, 506 


space, 150 
Laughing gas, 384 
Law(s) 


of Avogadro, 42 et seq. 

of Combining Volumes, 42 

of Conservation of Mass, 27 

of Constancy of Interfacial Angles, 

148 

of Definite Proportions, 38 

of Dilution, 268 

of Electrolysis, 531 et seq. 
Law(s) 

of Equivalents, 36 

of Henry, 227 

of Hess, 430 

of Mass Action, 186, 193 

of Moseley, 113 

of Multiple Proportions, 34 

of Raoult, 243 et seq. 

of Shift, 177 

of Van't Hoff, 196, 248 et 

seq. 

Periodic, see Periodic Law 
Lead, 616, 623 et seq. 

chromate, 638 

compounds of, 624 et seq. 

isotopes of, 179 

Storage battery, 626 et seq. 


sugar, 625 

white, 625 
Lime 

burnt, 589 

uick, 589 

slaked, 590 

soda, 372 


Limestone, 413, 424 
Lime water, 590 
Linseed oil, 470 
Litharge, 624 
Lithium, 546 
Lithopone, 598 
Litmus, 224, 291 
Lunar caustic, 567 
Lye, 424 

Lyophilic colloids, 501 
Lyophobic colloids, 501 
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M 

Magnalium, 610 

Magnesia, 588 

Magnesia cement, 588 

Magnesite, 425, 587 

Magnesium, 584, 587 
carbonate, 425, 588 
chloride, 588 
hydroxide, 588 
oxide, 588 
sulphate, 357, 588 

Majolica, 486 

Maladies 423, 558, 563 

Malt, 465 

Manganates, 646 

Manganese, 644, 645 
compounds, 646 et seq. 
Subgroup, 644 

Manganin, 645 

Marble, 424 

Marls, 488 

Marsh gas, 451 

Mass defect, 679 

Mass number of atoms, 678 

Mass spectrograph, 180 

Matches, 399 

Matte, 559 

Matter, 13 

Mercury, 594, 599 
compounds of, 600 et seq. 
fulminate, 600 

Metal(s), 81, 505 
alkali, 546 et seq. 
alkaline-earth, 585 
amides, 374 
chemical PT of, 507 et seq. 
compounds ot, with hydrogen, 204 
corrosion of, 519 et seq. 
displacement series, 509 
electrochemical series of, 208 
electrode potentials of, 513 et seq. 
electromotive force series, 509 
extraction of, from ores, 525 et 
seq. 
heavy, 507 
light, 507 
native, 525 
physical properties of, 505 et seq. 
plasticity of, 506 
platinum, 668 
polysulphides, 349 
rare earth, 86 

Ve bie রি 
etallography, 

Metallolds,. 81 

Metallurgy, 525, 658 
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Metasilicic acid, 481 
Methane, 35, 449, 451 
Methanol, 464 
Methyl orange, 291 
Mica, 482 
Micelle, 499 
Mineral compounds, 442 
Mineral oil, 434 
Mispickel, 404 
Mixture(s) 
eutectic, 539 
heterogeneous, 14, 15 
homogeneous, 14, 15 
Molar volume of gas, 53 
Molarity, 221 
Molasses, starch, 472 
Mole, 52 
Molecular 
elevation of the boiling point, 244 
lowering of the freezing point, 243 
orbit, 136 
Molecular 
weight, 49 et seq., 56 
determination of, 49, 238 
cryoscopic method for, 243 
ebulioscopic method for, 243 
Molecules, 30, 43, 44 
active, 185 
association of, 214 
polar, 141 
polarization of, 143 
reality of, 76 et seq. 
structure of, 128 
Molybdates, 641 
Molybdenite, 640 
Molybdenum, 635, 640 
anhydride, 641 
blue, 641 
Monohydrate, 354 
Monazite, 614, 631 
Mortar, 488, 591 
Mosaic gold, 622 


N 


Naphthenes, 459 
Natural gas, 435 
Negative, 569, 570 
Neon, 300, 301 
Nephelite, 607 
Neptunium, 683 
Neutral verdigris 563 
Neutralization, 283 
Neutron moderator, 686 
Neutrons, 676 
Newland's octaves, 82 et seq. 
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Nichrome, 666 
Nickel, 650, 665 
compounds, 667 
Nickeline, 666 
Nickel plating, 666 
Nickel silver, 561 
Niobium, 632, 633 
Niton, 301 
Nitrates, 393 
Nitration, 390, 46t 
Nitration of steel, 658 
Nitre acid, 361 
Nitres, 394 
ammonium, 394 
potassium, 394 
calcium, 394 
Nitric acid, 387 et seq. 
fuming, 387 
preparation of, 390 et seq. 
salts of, 393 
uses of, 390 
Nitric anhydride, 387 
Nitrides, 374 
Nitrifying bacteria, 395 
Nitrites, 387, 393 
Nitrobacteria, 396 
Nitroethylene glycol, 465 
Nitrogen, 32, 370 et seq. 
chloride, 374 
cycle in nature, 396 et seq. 
iodide, 374 
oxides of, 35, 383 et seq. 
preparation of, 371 
Nitroglycerine, 465 
Nitrosyl chloride, 390 
Nitrosyl sulphuric acid, 361 
Nodule-forming bacteria, 396 
Non-metals, 81 
Normal hydrogen electrode, 516 
Normal potentials 
of halogens, 519 
of metals, 517, 518 
Nuclear 
forces, 678 
isomery, 682 
model of atom, 110 et seq. 
reactor, 689 
Nuclons, 679 
Nylon, 475 
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Octane number, 453 
Oil of pears, 470 
Oil, drying, 470 
Olefins, 456 


Oleum, 355, 360 
Orbits 

molecular, 136 

quantum (stable), 117 
Ores, 525 
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